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THE BIOSYNTHESIS OF CELL WALL CARBOHYDRATES 


III. FURTHER STUDIES ON FORMATION OF CELLULOSE AND XYLAN 
FROM LABELED MONOSACCHARIDES IN WHEAT PLANTS! 


By H. A. ALTERMATT? AND A. C. NEISH 


Abstract 


p-Glucose-1-C!*, p-glucose-2-C!4, p-xylose-2-C', p-xylose-5-C!*, p-arabinose-1- 
C4, p-glucuronolactone-1-C!*, p-glucitol-1-C!4, p-mannitol-1-C'‘, p-arabitol-1- 
C'4, and D-arabitol-5-C'* were administered to wheat plants. The cellulose and 
xylan were isolated after a period of metabolism varying from 2 to 23 hr. 
p-Mannitol and pb-arabitol were not converted to either cellulose or xylan while 
p-arabinose was utilized slightly. The other compounds gave rise to both labeled 
cellulose and xylan. The glucose and xylose, obtained from the cellulose and 
xylan respectively, were degraded by fermentation with Leuconostoc mesen- 
teroides. Glucose and glucuronolactone were equally good precursors of xylan 
and were superior to the other compounds tried. They appeared to give rise 
to units for xylan formation by loss of carbon-6. Free xylose was converted to 
xylan units only after an extensive rearrangement of the carbon skeleton, such 
as occurred in the conversion of xylose to cellulose units. A hypothetical outline 
of polysaccharide synthesis, involving uridine diphosphate glucose as the 
central intermediate, is suggested to explain the data. 


Introduction 


Results reported in the second paper of this series (27) suggested that units 
for xylan synthesis in wheat plants are obtained by a process involving removal 
of carbon-6 from glucose units. Further experiments of a similar nature, 
which confirm and extend the data of the previous paper, are described below. 


Experimental 
Materials 


D-Mannitol-1-C* and p-glucitol-i-C' were obtained by reduction of 
D-mannose-1-C™ and D-glucose-1-C™ respectively with sodium borohydride 
(35). | p-Arabitol-1-C'* was prepared by sodium borohydride reduction of 
D-arabonolactone-1-C™ while D-arabitol-5-C™ was obtained in a similar way 
by reduction of D-lyxonolactone-1-C" (26, 35). D-Xylose-2-C™, p-xylose-5-C", 
and D-glucose-2-C' were made as previously described (2, 19). D-Glucurono- 
“1Manuscript received November 25, 1955. 
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lactone-1-C' was made by catalytic oxidation of 1,2-isopropylidene-D-gluco- 
furanose-1-C'* (24). It was purified by chromatography on large sheets of 
Whatman 3 MM paper using n-butanol—pyridine—water (6/4/3) and recrystal- 
lized from 90% ethanol. This material was shown to be free of glucose by 
radioautography of a paper chromatogram. 


Activation of Plants 


Wheat plants were grown in a greenhouse as described previously (27). 
Radioactive sugars were administered through the cut end of the stem and 
metabolism allowed to proceed at 22° C. and a constant illumination of 600 
foot-candles, as before (27). Eight tillers were selected, just before emergence 
of the head, for each treatment. 


Isolation and Degradation of Cellulose and Xylan 

When the period allowed for metabolism of the radioactive compound was 
finished the tillers were cut into sections 2-3 cm. in length and dried overnight 
in a vacuum oven at 60°C. The sample (about 3 gm.) was then ground to 
pass the 40 mesh screen of a semimicro Wiley mill, mixed with 10 parts of 
cold water, stirred occasionally during one and one-half hours, filtered in a 
sintered glass crucible, and washed three times with cold water, using about 
three parts of water for each washing. The residue was dried in a vacuum 
oven at 60° C. and exhaustively extracted with refluxing methanol. These 
treatments removed soluble carbohydrates, pigments, and lipids. The water 
dissolved 30-35% of the dry weight and the methanol about 5%. 

The extracted residue was converted to holocellulose by three successive 
chlorite extractions (22). The yield of holocellulose was about 45% of the 
total dried material. Cellulose was obtained from holocellulose as before (27). 
Xylan was isolated from the alkaline extract as the copper complex (22). 
The yields of cellulose and xylan (recovered from the copper complex) were 
24-25% and 14-18% respectively, of the total dry matter. 

The cellulose was hydrolyzed with 72% sulphuric acid (22) and the glucose 
obtained was purified by chromatography on charcoal. Pure xylose was 
obtained from xylan as described in the second paper of this series (27). Both 
glucose and xylose were fermented with Leuconostoc mesenteroides to determine 
the intramolecular distribution of C" (1). 

All C'* measurements were made by the sensitive and accurate method of 
Buchanan and Nakao (6). This procedure was essential because of the low 
specific activity of some samples. The lowest counting rates reported to two 
significant figures were more than 100 counts per minute above the background. 


Results 


The treatments given are outlined in Table I. The effectiveness of the 
various compounds as precursors of cellulose and xylan can be compared by 
referring to the relative specific activities given in the last two columns. 
Those compounds showing the highest relative specific activities are the most 
efficient precursors. The labeled carbohydrates were administered in rather 
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large doses. Less than 20% was converted to polysaccharides, most of the 
C" being recovered by cold water extraction of the dried plant material prior 
to preparation of holocellulose. 

Isotopic carbon from p-mannitol or D-arabitol was not incorporated into 
the holocellulose, and that from D-arabinose was utilized only slightly. 
b-Glucitol-1-C' as was noted previously (5) was readily transformed to both 
cellulose and xylan. Xylose was also converted to both cellulose and xylan 
but not as readily as was glucose. D-Glucuronolactone was equal to glucose 
as a precursor of xylan but it was less effective as a precursor of cellulose. 

The intramolecular distribution of C in the sugars obtained by hydrolysis 
of cellulose and xylan is shown in Table II for those samples active enough 
for degradation. The results obtained with glucose substantiate previous 
conclusions that glucose can be incorporated into cellulose to a large extent 
without rearrangement of the carbon skeleton (5, 27). This is shown by 
glucose-2-C™ as well as by glucose-1-C™. Furthermore the xylose isolated 
from glucose-treated plants shows as before (27) that xylan units can be made 
from glucose by a process involving loss of carbon-6 of the hexose. Thus 
glucose-2-C™ gave xylose labeled mainly in carbon-2. 

p-Glucitol-1-C™ gave glucose labeled chiefly in carbon-1 and carbon-6 and, 
as expected, the xylose isolated from the same plants was labeled mainly in 
carbon-1. The labeling of glucose from the cellulose of these glucitol-treated 
plants was somewhat more extensively rearranged than the labeling in the 
glucose isolated from the cellulose of glucose-treated plants. This agrees with 
previous work (5). 


TABLE II 


DISTRIBUTION OF C!4 IN GLUCOSE AND XYLOSE ISOLATED FROM THE CELL 
WALL POLYSACCHARIDES OF WHEAT PLANTS 














Com- Cas % of total in glucose or xylose molecule 
Expt. pound 
No.* Compound fed isolated Carbon-1 Carbon-2 Carbon-3 Carbon-4 Carbon-5 Carbon-6 
4 pv-Glucitol-1-C™ Glucose 47.0 16.7 5.1 3.3 6.8 21.0 
Xylose 70.0 8.2 9.7 §.1 7.0 _ 
6 p-Xylose-2-C¥ Glucose 5.6 47.0 20.2 5.6 16.0 5.6 
Xylose 21.5 40.1 11.5 9.3 17.6 _ 
7 p-Xylose-5-C™ Glucose 25.6 9.2 6.9 3.4 3.1 51.8 
Xylose 28.6 18.1 6.9 12.8 33.6 _ 
8 p-Glucose-1-C™ Glucose 78.2 7.8 1.9 1.2 0.7 10.2 
Xylose 9.1 1.2 2.6 1.3 3.8 _ 
9 p-Glucose-1-C™ Glucose 73.0 8.7 2.7 1.6 1.0 13.0 
Xylose 84.5 1.8 3.3 2.0 8.4 _ 
10 p-Glucose-2-C# Glucose 4.2 69.3 11.3 1.4 11.6 2.2 
Xylose 4.7 86.7 4.4 0.5 3.7 _ 
11 p-Glucose-1-C™ Glucose 74.0 7.2 2.7 2.0 1.5 12.6 
Xylose 86.1 2.9 3.9 3.0 4.1 _ 
12 p-Glucuronolactone-1-C™ Glucose 13.8 64.6 3.3 2.9 6.1 9.3 
Xylose 88.0 1.9 2.9 2.0 5.2 _ 





* Experiment number the same as in Table I, 
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Xylose was incorporated into xylan only after considerable rearrangement 
of the carbon chain; the rearrangement was at least as extensive as that 
which occurred when xylose was converted in glucose, as was noted 
previously (27). Apparently free xylose is not readily polymerized to xylan 
in wheat plants and may give rise to xylan units only after prior conversion 
to a hexose. 

p-Glucuronolactone was a good precursor of xylan and apparently gave 
rise to xylan units, by loss of carbon-6, as does glucose. pD-Glucuronolactone 
was also converted to glucose in the plants. Reduction of the carbonyl 
group was not an important route since pD-glucuronolactone-1-C™ gave 
glucose labeled chiefly in carbon-2. 


Discussion 


The foregoing results on xylan formation can be explained to some extent 
by the old decarboxylation theory of pentosan formation, i.e. 


oxidation decarboxylation 
Hexosan ———————> Hexuronide — Pentosan. 





This theory was based on the structural relations of the hexoses, uronic 
acids, and pentoses isolated from the same plant material. It has fallen into 
disfavor (3, 4, 16, 17, 28) since further work has shown that pentosans often 
have units with a different configuration, ring size, or points of attachment 
than hexosans from the same source. 


Actually these objections do not apply to the wheat plant since the 
the conversion of cellulose to xylan involves no change in linkage or ring 
size. | However the decarboxylation theory in its original form does not 
predict that free glucuronolactone would be readily converted to xylan; it 
seems probable that the oxidation step, at least, occurs at the monosaccharide 
level. A polyuronide could then be formed which might give xylan by 
decarboxylation. The theory would be much more flexible, and also more in 
line with modern concepts of biosynthesis, if decarboxylation also occurred at 
the monosaccharide level (17). 

The scheme outlined in Fig. 1 represents an attempt to modernize the 
decarboxylation theory sufficiently to explain the results obtained in papers 
of this series as well as the structural relationships of the polysaccharides 
found in higher plants. Uridine diphosphate D-glucose (UDP-p-glucose) is 
postulated as the central metabolite in this scheme. This nucleotide was 
first identified as a component of the system responsible for the biological 
interconversion of galactose and glucose in yeast (11). Studies on photo- 
synthesis, with C“O,, have shown that UDP-glucose is labeled before sucrose 
and that UDP-galactose is also formed in higher plants (8). It was then 
shown that UDP-glucose could act as a glucosyl donor for synthesis of sucrose 
phosphate (7) or sucrose (12) by plant enzymes. Yeast was also found to 
contain the related nucleotides UDP-acetylglucosamine (10) and guanosine 
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trans- 
UDP-.-arabinose arabans 


glycosylation 





decarboxylation 




















trans- 
UDP-p-galacturonic acid — pectin 
glycosylation 
oxidation 
trans- 
UDP.-p-galactose . galactans 
glycosylation 
galactowaldenase 
trans- 
UDP-p-glucose glucosans, 
glycosylation cellulose 
oxidation 
J trans- 
UDP-p-glucuronic acid polyuronides 
glycosylation 
decarboxylation 
4 trans- 
UDP-p-xylose xylan 





glycosylation 


Fic. 1. Hypothetical outline of polysaccharide synthesis in plants. UDP is used as 
an abbreviation for uridine diphosphate. 


diphosphate mannose (9). These nucleotides were postulated (9) to act as 
glycosyl donors for the synthesis of chitin and mannan both of which are 
found in the cell wall of yeast. 

Little is known about the mechanism of uronic acid synthesis in plants but 
work with liver enzymes has shown that UDP-glucose can be oxidized ‘to 
UDP-glucuronic acid and that the UDP-glucuronic acid forms uronides of 
alcohols and phenols by a transglycosylation catalyzed by enzymes in the 
same preparations (13, 21, 30, 31, 32). It has been suggested (31) that such 
transglycosylations may lead to synthesis of mucopolysaccharides. The 
scheme in Fig. 1 can be used to explain the fact that free xylose is not readily 
converted to xylan if it is assumed that UDP-xylose cannot be formed directly 
from xylose. Free glucose, on the other hand, is assumed to form UDP-glucose 
as has been demonstrated with yeast enzymes (25). It must be assumed that 
free D-glucuronolactone can be also converted to the nucleotide which can 
be decarboxylated to UDP-xylose. This means that xylose is converted to 
xylan only after prior conversion to a hexose. Recent work on the decar- 
boxylation of glucuronolactone by a soluble enzyme from rat tissues suggests 
that an uridine nucleotide may be involved (29). 


This scheme (Fig. 1) is flexible enough to explain formation of polysac- 
charides with hexose, pentose, and uronic acid units mixed in the same chain 
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or added as branches. However all these units would be expected to have 
the pyranose ring. Although this is usually so the occurrence of furanose 
rings, particularly in arabans, requires further explanation. It is probable 
that other glycosyl donors are involved. 

The synthesis of glucose from xylose probably occurs via sedoheptulose-7- 
phosphate by action of transaldolase and transketolase as previously suggested 
(15, 27). This conversion of pentose to hexose is outlined in Fig. 2. The 
pentose is assumed to be converted to ribulose-5-phosphate which is then 
cleaved by transketolase (15) to give glyceraldehyde phosphate and “active 
glycolaldehyde” (Fig. 2A). This active glycolaldehyde unit can be accepted 
by pentose phosphate to form sedoheptulose-7-phosphate which can then be 
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Fic. 2. Possible mechanism for conversion of pentose to hexose in wheat plants. P 
is symbol for phosphate group; the sugars are written with the reducing end up. 
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split to erythrose phosphate and a triose-enzyme complex (Fig. 2B). The 
erythrose phosphate is also assumed to act as an acceptor for the active 
glycolaldehyde thus being converted to hexose monophosphate (Fig. 2C). 
This assumption can probably be justified by previous work on the fermenta- 
tion of labeled pentoses by Aerobacter aerogenes (2)*. The triose generated by 
transaldolase is assumed to react with the triose phosphate released by trans- 
ketolase, forming hexose monophosphate as shown in Fig. 2D. Hexose can 
also be formed by recombination of triose phosphate (Fig. 2E). The over-all 
result, when enough pentose is used to get hexose as the sole product, is 
shown in Fig. 2F. 

If the mechanism outlined in Fig. 2 was the only one involved in the con- 
version of xylose to glucose in wheat plants then xylose-2-C would give 
glucose with two-thirds of the activity in carbon-2 and one-third in carbon-3 
while xylose-5-C would form glucose with one-sixth of the C™ in carbon-1 
and five-sixths in carbon-6 (see Fig. 2F). The labeling actually found in the 
glucose isolated (Table If) agrees reasonably well with this theory if allowance 
is made for the rearrangement that glucose itself undergoes, presumably by 
Embden-—Meyerhof reactions down to triose phosphate and back again. 
The presence of some activity in all positions might be explained by photo- 
synthesis of a small amount of carbohydrate from CO, formed by respi- 
ration of the labeled monosaccharide. 

Conversion of glucitol to glucose probably occurred without cleavage of the 
carbon skeleton. Oxidation to fructose by a polyol dehydrogenase similar to 
L-iditol dehydrogenase (23) may be the first step in this transformation and 
would explain the inertness of D-mannitol and D-arabitol neither of which is 
attacked by thisenzyme. The conversion of D-glucuronolactone to D-glucose 
appears to occur by a rather indirect route. The formation of glucose labeled 
mainly in carbon-2 from pD-glucuronolactone-1-C™ is difficult to explain by 
known reactions. Experiments on the conversion of D-glucuronolactone to 
L-xylulose in animals (14, 33, 34) and to ascorbic acid in plants and animals 
(18, 20) indicate there are several pathways for the metabolism of this lactone 
but they do not aid in interpreting the above-mentioned result. 
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UTILIZATION OF BODY RESERVES DURING EXPOSURE 
OF MICE TO LOW TEMPERATURES! 


By J. S. HArt AND O. HEROUX 


Abstract 


White mice acclimated for four weeks to 6° C. had a body water content on 
an absolute and on a fat-free basis that was greater than that of mice acclimated 
to 23°C. When exposed to freezing temperatures, the weight loss and loss of 
water were greater in the cold acclimated group. Fat was the major tissue 
energy reserve utilized under these conditions. In both acclimation groups it 
accounted for 85 to 89% of the total calories, the remainder being supplied 
mostly by protein. There was a reduction in heat of combustion of the fat of 
mice during exposure to freezing temperatures that signifies an alteration in 
chemical composition of the fat. 


Introduction 


A characteristic feature of exposure of small mammals to cold is a loss in 
weight, signifying utilization of body energy reserves. There is, however, no 
cirect evidence concerning the nature of the reserves that are utilized. The 
major objective of this study therefore was to determine the composition of 
the body reserves in terms of both weight and energy utilized when fully fed 
mice lose weight in a cold environment. Comparison was also made of 
animals acclimated (8) to two different temperatures to assess the influence 
of previous thermal history on initial composition and on relative losses of 
water, fat, and non-fat reserves. 


Methods 


Two groups of 40 adult white mice were acclimated for four weeks at 
22°-24° C. and 6°-8°C. respectively. A high carbohydrate diet (Master 
Fox Chow) (protein, 15%; fat, 3%; carbohydrate, 82% by weight, heat of 
combustion 4200 cal./gm.) was fed ad libitum. At the end of the acclimation 
period analyses were made on half of the mice selected at random in each 
group, which served as controls, while the remainder were exposed to freezing 
temperatures (23° C. mice at —7°C., 6° C. mice at —13°C.) for four days 
with Fox Chow fed ad libitum and water given twice per day. Choice of 
test temperatures was based on estimated resistance temperatures (8) of mice 
acclimated to 23° and 6° C. i.e. the temperatures at which both groups would 
survive the same average length of time and lose approximately the same 
weight. In these tests about 80% of the animals lived for the four days and 
20% in both groups died between the second and fourth days. The surviving 
mice were killed by a blow on the head with a blunt instrument. All the 
mice were used in subsequent analyses. 

Analyses of the mice included measurements of wet weight (minus gastro- 
intestinal tract), dry weight, ether extract, fat-free dry weight, nitrogen in 


1Manuscript received November 2, 1955. 
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fat-free residue, and heats of combustion of ether extract and fat-free residue. 
The dry weight was determined after the material was minced and dried 
in vacuo in the frozen state for 24 hr. followed by desiccation in vacuo at room 
temperature for 48 hr. The dried material was extracted in 3:1 alcohol — 
petroleum ether for five hours and the extract was taken up in petroleum 
ether. Ether-insoluble material removed by centrifugation was later 
combined with the fat-free residue. The weight of the ether-soluble material 
was determined after it was dried at reduced pressure under nitrogen followed 
by desiccation for 48 hr. The fat-free residue was ground in a Wiley Mill 
before determination of total Kjeldahl nitrogen. Heats of combustion and 
ash contents were determined in the Parr calorimeter on half of the residue 
samples in each group. 


Results 
Mass of Body Reserves 


There were significant differences in body composition after warm and cold 
acclimation. Table I shows that the two groups of control animals did not 
differ in wet weights though their body compositions were considerably 
different. The 6°C. group had on the average 1.0 gm. more water and 
0.87 gm. less of ether extractable substances than the 23°C. group. Fig. 1A 
shows that while in both groups the body water varied with fat-free dry weight, 
it was regularly greater in the 6° C. group. A statistical analysis of covariance 
(6) gave a computed difference of 1.20+0.23 gm. in the expected water 
content of 6° C. and 23° C. controls for a fat-free dry weight of 5.66 gm. and 
ether extract weight of 2.97 gm. (averages for both groups). The fat-free 
dry weight and nitrogen content were not significantly affected by acclimation 
at 6°C. 

The 23° C. group when exposed to —7° C. for four days lost weight, which 
as shown in Table I, amounted to 2.54 gm. This loss consisted of water 
0.72 gm., ether extract 1.43 gm., protein 0.28 gm. (N.X 6.25), with 0.11 gm. 
not identified. 

The effect of exposing the 6° C. group to —13° C. is also shown in Table I. 
It will be seen that there was an average weight loss of 5.80 gm. which was 
made up of water 3.01 gm., ether extract 2.16 gm., protein 0.49 gm., with 
0.14 gm. not identified. 

Figs. 1B and 1C show that relative to the change in fat-free dry body 
weight, the water content of the 6° C. group underwent a greater change on 
exposure to cold than did that of the 23°C. group. Relative to the fat-free 
body weight the average body water fell from 73% to 71% in the 6° C. group 
while in the 23° C. group it remained at 72%. 


Body fat as measured by ether extract weight was more labile than the 
other non-aqueous constituents of the body. The slope of the line in Fig. 1D 
indicates that taking all observations into account, the fat content of the 
body fell approximately three times further than the fat-free dry weight. 
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Body water in relation to fat-free dry weight for warm and cold acclimated 


Fic. 1. 
controls (Fic 1A), control and exposed cold acclimated mice (Fic. 1B), control and 


exposed warm acclimated mice (Fic. 1C). 
dry weight, all groups included. 
@ 23°C. control, O 23° C. exposed, m 6° C. control, O exposed. 


Fic. 1D, ether extract in relation to fat-free 


Energy of Body Reserves 


There were no significant differences in the heats of combustion of energy 
reserves between controls from either group, but heats of combustion of the 
ether extract and of the fat-free residue (Table I1) showed a significant decrease 
in 6° C. mice that had been exposed to cold. The decline in energy of the 
extract was correlated with its fall in weight during exposure to cold (Fig. 2); 
there was no statistically significant difference between 6° C. and 23° C. mice 
in this respect—only a lower fat weight in the exposed 6° C. group. 

The differences between heats of combustion of the fat-free residue of 
control and exposed 6° C. acclimated mice disappeared when calculated on an 
ash-free basis (Table II). There was a rise in ash from 11 to 18% of the 


fat-free residue weight after exposure to cold. The rise from 11 to 13% in 
the 23° C. mice was not significant. 

On an energy basis, the body reserve lost during the four day exposure was 
approximately 15,000 cal. for the 23° C. acclimated mice and 24,000 cal. for 
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the 6° C. mice. This corresponds to 6000 and 4100 cal./gm. of weight loss 
for the 23°C. and 6° C. mice, the lower value for the latter being due to 
greater loss of water. On a dry weight basis, the loss was approximately 
8400 cal./gm. for both groups. 

Significant amounts of energy were lost by oxidation of both fat and non-fat 
fractions during exposure to cold (Table II). Fat was the majcr energy 
reserve utilized in both groups. There was no significant difference between 
the 6° C. and 23° C. mice in the proportion of the total energy of the weight 
loss derived from fat. 
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Fic. 2. Heat of combustion of ether extract in relation to weight of ether extract. 
Symbols as in Fic. 1. Ether extract weights above 4 gm. are not included since they 
showed no correlation with heat of combustion. 


Discussion 


The present study was intended primarily as a description of the utilization 
of body reserves when mice are exposed to cold, and secondarily as a study 
of the effect of cold acclimation on body composition and utilization of reserves. 
Considering first the effect of acclimation, it is apparent that one of the main 
differences between the groups was a greater quantity of water for a given 
fat-free mass in 6° C. mice and a greater loss after exposure to more extreme 
cold. The cold acclimated mice suffered greater losses of body reserves 
generally during the cold exposure, but this could be attributed to the environ- 
mental conditions rather than to physiological differences between the two 
groups. The greater water content of cold acclimated controls may possibly 
be associated with greater metabolic activity of the tissues, since increased 
intracellular water has been found during muscular activity (1, 4) and during 
exposure to cold (10). This adjustment has not been observed in rats after 
acclimation to cold (14). 


Under the conditions of exposure, fat was the major energy reserve utilized 
‘and, in spite of acclimative differences in weight loss, fat accounted for 85 to 
89% of the total calories in both groups. Protein (N X 6.25) did not serve 
as a major energy reserve (accounted for 15 to 20% of the dry weight loss) 
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but its utilization provides further evidence of its importance during cold 
exposure (2, 5, 13, 17, 18) and during stress phenomena generally (15). 
Although relatively small, protein utilization was greater than the estimated 
utilization of carbohydrate, since protein plus fat accounted for approximately 
90 to 95% of the dry weight loss. 

Although fat was the most important tissue energy reserve, it accounted for 
but a small portion of the total heat production, since tissue reserves are 
estimated to comprise only 15 and 20% of the heat production* (7) of warm 
and cold acclimated mice. Most of the calories were therefore probably 
derived from the high carbohydrate diet. Assuming 20% of the calories were 
derived from the tissues, the mean R.Q. would be approximately .92, which is 
higher than those usually reported for cold exposed animals on a similar diet 
(9, 12). Mice, on the other hand, had a relatively high R.Q. (.88) in 
metabolism tests (7). This did not vary appreciably with temperature and 
time of day. It should be remembered that R.Q.’s determined in metabolism 
tests have usually been carried out on animals exposed for short periods during 
the day and therefore do not give a reliable estimate of the mean R.Q. In 
species showing a low initial value in the cold, there may be a considerable 
diurnal variation associated with feeding and activity rhythms. 

Of major interest is the reduction in heat of combustion of the fats during 
exposure of mice to cold. As the fat reserves were depleted the mice appar- 
ently first utilized the high energy fats leaving a residue of lower energy value. 
The change signifies an alteration in chemical composition of the fat. An 
increase in iodine number of the fat during exposure to cold (3) could not 
cause a sufficiently large decrease in energy to explain the observed effect. 
Likewise, a postulated increase in phospholipids and sterols (the ‘element 
constant” of Terroine (16) ) relative to neutral fats, which has been found 
during starvation fat depletion (19), would not lead to a decrease in heat of 
combustion. The reduction could be brought about by a lowering of the 
average molecular weight of the component fatty acids by approximately four 
carbon units (11). The authors are not aware of any such change being 
reported for fat depletion during either cold exposure or starvation. 
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TRANSBUCCAL HYPOPHYSECTOMY IN THE DOG! 
By J. MARKOWITZ AND J. ARCHIBALD 


Abstract 


The canine pituitary gland is immersed in a vascular lagoon comprising the 
circular sinus. A practical technique is described for its complete transbuccal 
extirpation. The operation can be almost bloodless if one uses tamponade 
with topical thrombin®, 


Introduction 


The hypophysis, the master gland of the body, is appropriately enough 
located in a bony fortress at the base of the skull, surrounded by a bloody 
moat. It all but defies surgical attack, and even Harvey Cushing at first 
thought that it was vital to life, because, in his hands, its extirpation (trans- 
temporally) was fatal (6). Aschner (1) of Berlin in 1912 removed the gland 
from dogs transbuccally, and in a classical set of experiments established this 
as a definitive procedure, describing many of the gross consequences of its 
removal. Since the gland is related to the action of insulin in many important 
ways, we have in this laboratory prepared a number of hypophysectomized 
dogs for study. The operation promises to become an increasingly important 
technical procedure in view of the key position of this gland in bodily stress 
(Selye). Our experience with the operation is the basis of this paper. 


Surgical Anatomy 


The pituitary gland of a dog is directed posteriorly so that its long axis is 
almost parallel with the floor of the brain (11, 12, 13). Therefore its antero- 
posterior length is greater than its depth. Moreover, there is no real sella 
turcica in the dog; although the posterior clinoid processes are well developed 
there is only a slight anterior elevation corresponding to the anterior clinoids. 
Unlike the human gland, the pars glandularis (distalis) surrounds entirely the 
pars neuralis. Although the pars intermedia is situated around the periphery 
of the pars neuralis, the infundibular process is surrounded by the pars 
tuberalis, which forms a collar about it and extends into the brain. The 
attempt to remove the glandular section in the dog, leaving the rest intact, 
or vice versa, has thus far not been a satisfactory procedure by the transbuccal 
route. 

From a surgical point of view, two facts about the dog’s pituitary are of 
dominating importance. (1) The circular sinus enclosing the gland is shaped 
like a small doughnut, and projects above the surface of the pituitary as it is 
approached transbuccally, so that it is easy to encounter extensive 
hemorrhage (Figs. 1 and 3). (2) It is possible to remove the pituitary gland 
from its capsule without encroaching upon the arachnoid mater; which has 
stopped short at the infundibular stalk. When carefully done therefore, 


1 Manuscript received December 12, 1955. 
Contribution from the Physiological Laboratory, University of Toronto, Toronto, Ontario, and 
the Division of Diseases of Small Animals, Ontario Veterinary College, Guelph, Ontario. 











PLATE I 








Fic. 1. Post-mortem, dissection of circular sinus encircling pituitary capsule. Veins 
injected under pressure, frozen preparation. Dura intact. 


Markowitz & Archibald—Can. J. Biochem. Physiol. Vol. 34. 
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Fic. 2. Pituitary gland exposed under intact dura, within bulging circular sinus. 


Markowitz & Archibald—Can. J. Biochem. Physiol. Vol. 34. 











: Fic. 3. Sagittal section of sphenoid showing relations of pituitary gland to circular 
sinus (diagrammatic). 


hypophysectomy in the dog need not be atcompanied by a flow of cerebro- 
spinal fluid. This statement is only approximately true, since hypophysectomy 
with evulsion of the dural stalk often causes a slight opening through which 
spinal fluid can leak, always presupposing that the dural capsule is not injured 
by the sucker. In this event, there is copious outpouring of blood-tinged 
spinal fluid which finally is reduced to a pulsating ebb and flow into the 
operative site as the dog breathes in and out. 

A post-mortem dissection may fail to show the true relationship of the 
circular sinus to the pituitary. At the usual autopsy, the veins have been 
emptied by the time the pituitary is reached, and therefore form a blue collar 
about the stalk of the gland. For the operator to have this conception of the 
vessels about the pituitary gland is to beckon disaster. Although the dura 
mater forms a separate capsule for the pituitary gland, the diaphragma sellae 
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is less complete than in the human. A complete dural diaphragma sellae is 
found only in man. It is incomplete in small ruminants, the dog, and the cat. 

The blood supply to the pituitary is from the internal carotid arteries and 
the circle of Willis. Most of the vessels accompany the stalk; however, 
there may be a small branch supplying the pars neuralis (posterior lobe) 
independently. The pars intermedia is relatively avascular, the pars 
glandularis being the best supplied with blood. Veins return from all parts 
of the pituitary, ascend the stalk, and enter the hypothalamus forming the 
capillary network. An occasional blood vessel enters the pituitary from the 
dural capsule as will be noted by anyone who does the operation. Wislocki 
and King believed that the pars glandularis is furnished with blood by two 
routes, (1) afferent arteries, and (2) afferent portal veins, which originate in 
the region of the stalk from a plexus that surrounds and penetrates the 
infundibular stem. The terminal parts of these arteries and veins form the 
sinusoids characteristic of the anterior lobe of the pituitary gland. Veins 
arise from the lateral poles of the anterior lobe to empty into the cavernous 
sinuses. On the other hand, the infundibulum and pars intermedia are 
supplied with arteries and drained by veins which are almost independent of 
those of the anterior lobe. They enter and leave by the posterior pole of the 
pars neuralis (posterior lobe). The hypothalamus in a vascular sense is 
independent of the pituitary body. There is no evidence that the secretions 
of the pituitary body have ready access to the hypothalamic vegetative 
centers. 

Numerous sympathetic fibers from the carotid plexus supply the pars 
glandularis of the dog (Dandy quoted by Van Dyke (12) ). They form a 
plexus in the gland tissue from which nerve fibers arise to terminate in button- 
like thickenings on the surface of the cells of the pars glandularis. Also, 
non-myelinated nerve fibers pass from the hypothalamus down the stalk to be 
distributed to the pars neuralis, the pars intermedia, and perhaps the pars 
tuberalis. These fibers are believed to originate in the supraoptic and 
paraventricular nuclei of hypothalamus, and comprise a definite track which 
terminates chiefly in the pars neuralis, but also in the pars intermedia. They 
are believed to regulate secretion of these organs. The terminal basal portion 
of the tuber cinereum appears to be part of a unit belonging to the stalk and 
posterior lobe (8). This is also true of the supraoptic region of the diencephalon 
and the area postrema of the hindbrain. Impulses flow from the supraoptic 
nuclei to the pars neuralis (posterior lobe). When these nuclei are destroyed 
or severed, the posterior lobe undergoes atrophy and ceases to elaborate its 
hormones. Moreover, these nuclei degenerate after hypophysectomy. 


Technique of Operation 


Under nembutal anesthesia the dog is suitably draped, the jaw having been 
arranged on a frame used by Pollock and Davis as described by McLean 
(9, 10). The mouth and nasopharynx are liberally mopped with 1 to 1000 
aqueous zephiran” solution. The soft palate is then infiltrated with 2% 
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procaine containing epinephrine, and the needle is pushed through to the 
mucoperiosteum of the sphenoid bone which is similarly infiltrated. An 
incision about three centimeters long is then made in the soft palate, and care 
is taken not to extend this to the hard palate, which precaution avoids two 
large bleeding vessels. A mastoid retractor is then inserted and the muco- 
periosteum is incised similarly in the mid-line. By means of a periosteal 
elevator this is stripped to each side so as to permit drilling of the sphenoid 
bone without trauma to this layer. Rather constantly a bleeding point will 
be seen just caudad to the intersphenoid suture. This emissary vein occupies 
the remains of the craniopharyngeal canal, and as might be supposed, is a 
good landmark to the pituitary gland. A right angle hook is now inserted 
across the hamular processes, and the position of the crossbar is marked on 
the mid-line of the sphenoid bone with a sharp instrument. It will be found 
close to the emissary vein (Fig. 4). Over this point one burrs with a dental 
engine and a dental burr, the diameter of which varies from 4 to 6 mm. depend- 
ing on the size of the dog. These burrs are of the type used by dentists for 
working on vulcanite and the plastics of artificial dentures. (They cost about 
fifty centseach.) The burr is used not only as a drill but as a rasp for reducing 
bone to the thickness of paper, when it can be removed in pieces. 

The base of the sphenoid bone in the dog lacks an air sinus. It consists 
of an outer and inner lamella of hard bone between which is the spongy diploé. 
One penetrates the latter easily with, in some cases, bleeding, which can be 
so profuse as to resemble that from a dural sinus. One always controls it by 
inserting a large plug of bone wax about the size of a small marble. Having 
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Fic. 4. Oblique view of dog’s skull, Cross marks location of burr hole and nearby 
emissary vein. 
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tamped it down with a finger, one promptly burrs through it as if the bleeding 
were of no account, which turns out to be the case. After a greater or less 
interval of time depending upon the experience and the cautiousness of the 
operator, one reaches the inner table of hard bone. The burr is now worked 
so that the pit shelves toward the eyes of the operator who looks along a 
hypotenuse to the anticipated pituitary exposure. One burrs cautiously until 
one is through the hard bone at one point and the dura is exposed, which can 
be verified by a blunt probe. Careful inspection will now indicate the lie 
of the pituitary gland shining through the thinned bone. Usually one can 
make out a limb of the circular sinus within the concavity of which is a lighter 
structure, the pituitary gland. Using the burr as a rasp, one thins out the 
bone on each side of the dural membrane thus exposed and, with instruments 
employed by the aural surgeon one enlarges this hole. The ring knife used 
by the ear surgeon for dissecting cerumen from the external auditory canal 
has been useful in our hands, since it is blunt on the under surface. Also 
useful we have found small curettes, curved chisel, gouges, and small hemostatic 
forceps which may be used cautiously as a nibbler. Often, packing the bony 
fossa thus produced with gauze soaked in topical thrombin®” solution is a 
useful maneuver. The gauze catches and fractures spicules of bone and its 
removal is helpful in enlarging the dissected area. At any time a little care- 
lessness can result in extensive hemorrhage from one of the sinuses. Packing 
the area with gauze soaked in topical thrombin” solution has in our hands 
always controlled the situation in a few minutes. It is this maneuver which 
has taken away the hazard and the difficulty of transbuccal hypophysectomy. 
With experience however, there will be less need for topical thrombin”, as 
the operator will be able to avoid the sinuses and confine his dissection to the 
area directly over the pituitary capsule. After some minutes the latter will 
be exposed in its entirety, surrounded more or less by the circular sinus which 
pouts above it. At this point one stops all oozing by tamponade with 
thrombin” solution. The pituitary capsule is then opened longitudinally by 
a sharp pointed knife (Fig. 2). After divulsing the slit in its whole extent, 
the little gland is then partially delivered through the incision. This may be 
facilitated by a blunt hook which is insinuated between the gland and the 
capsule, thereby breaking down any possible adhesions. The gland is now 
removed with a powerful sucker which must not have too small an aperture 
(3 mm. is satisfactory). In many instances a piece of the stalk remains behind, 
perhaps with attached pars neuralis, and this can be picked up with a forcep 
and evulsed. The dural capsule now remains empty, much like the shell of 
a pistachio nut (Fig. 5). All that remains of the stalk is a little rosette of 
tissue, and if the arachnoid has been encroached upon, there will be a welling 
of spinal fluid. In many cases this is not so. There may be (exceptionally) 
some alarming hemorrhage which is stopped by packing the dural capsule 
with gelfoam® soaked in topical thrombin®. This is left im situ, after ensuring 
that no fragments of gland remain. (The capsule of the pituitary, being part 
of the circular sinus, has been torn here.) The operation is completed by 
stitching the soft palate with four or five interrupted stitches of chromic 
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Fic. 5. After incision of the dura the gland is freed of adhesions and patiently eased 
out of its capsule. Removal by sucker very diagrammatic. 


catgut, which must be carefully done to prevent postoperative dehiscence. 
The operation should take about thirty minutes, It does not need an 
assistant. Penicillin preferably with streptomycin is administered daily for 
one week after operation. 

The animals make an uninterrupted postoperative recovery except for such 
a complication as distemper. After a varying interval of time they appear 
almost normal, perhaps lying curled up in their cage and listless. For some 
or many days after operation, there is considerable polyuria from 1.5 up to 3 
liters daily for a 10 kgm. dog. (See also Bodo et al. 1942 (3).) The animals 
should be carefully nursed, given plenty of water, and coaxed to eat. Excep- 
tionally they are found dead, mysteriously, in the morning, and the autopsy 
reveals nothing. One assumes here, since the wounds in the operative area 
have healed normally that adrenal insufficiency is the cause of death. 

One need not expect the typical postoperative features of hypophysectomy 
to be demonstrable immediately. It takes about three weeks for such 
symptoms as hypoglycemia in the fasting state to be evident, also the abnormal 
sensitivity to insulin, and the altered glucose curve (4, 5). 
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Discussion 


Bennett (2) of Alberta described a useful landmark to the canine pituitary. 
He bisected a line joining the hamular processes, and by means of a simple 
brace and bit claimed to approach the pituitary fossa with exactness and 
despatch. Using a sucker to remove the pituitary body, he averred that this 
rustic procedure was the ideal method for removing this gland. Essex and 
Astarabadi elaborated on this method using a large dental burr for the purpose 
of drilling through the base of the sphenoid. However, anyone who uses this 
landmark soon discovers that while occasionally it enables one to come dead 
on to the pituitary gland, more often than not it is somewhat out, requiring 
careful dissection so as not to encroach on the circular sinus. 

The method described by us makes great use of the former methods, being 
indeed based upon the methods described by Aschner (1), by Bennett (2), 
by McLean (9), and by Essex and Astarabadi (7). We have had no mortality 
in the last 10 operations. Our success depends on a technical point not used 
by our predecessors: the liberal use of topical thrombin® solution, both as a 
solution that we inject into the drill hole, and as a gauze or gelfoam” pack, 
which maneuver permits wide exposure and delivery of the gland extradurally. 
This technical point might be of use in the corresponding human operation. 
We have had no occasion to suspect generalized intravascular thrombosis from 
this procedure, although we have been on the lookout for it. 
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PHOSPHOLIPID METABOLISM IN LIVER SLICES 


LABELLING OF PHOSPHOLIPIDS WITH ACETATE-1-C"! 


By Dorotuy L. KLINE? AnD H. A. DELUCA 


Abstract 


A study has been made of the labelling of the phospholipids, the fatty acids 
from the acetone-soluble lipid, and the non-esterified cholesterol in slices of rat 
and guinea pig liver respiring in a suitably buffered Krebs-Ringer medium 
containing acetate-1-C'*, The time course of the reactions and the effects of 
the concentration of potassium ion and the pH of the incubating medium have 
been defined. For phospholipid and fatty acids of the acetone-soluble lipid, 
the optimum pH was in the range 6.8-7.4, whereas for cholesterol there was a 
much sharper optimum at pH 6.6-6.8. When the oxygen of the gas phase was 
replaced with nitrogen, the labelling of all three lipid fractions was abolished. 
The addition of glucose to the incubating medium slightly increased the labelling 
of the phospholipids and the fatty acids of the acetone-soluble lipid, but had no 
consistent effect on the labelling of the non-esterified cholesterol. Purification 
of the cholesterol by the method of bromination and debromination caused only 
a slight change in specific activity, indicating that the cholesterol was not 
contaminated with large amounts of companion substances with specific 
activities greatly different from that of the cholesterol itself. The addition of 
cyanide, fluoride, iodoacetate, or 2,4-dinitrophenol to the incubating medium 
caused a great decrease in the labelling of all fractions studied. With the 
exception of 2,4-dinitrophenol, the inhibitors were used in concentrations that 
inhibit the oxygen consumption. Malonate inhibited the incorporation of 
acetate-1-C" into cholesterol, but did not affect the labelling of the phospholipids. 
When the acetate-1-C' was replaced with other C'*-labelled precursors, good 
labelling of phospholipids was observed with glycine-2-C™, glycerol-1-C™, and 
fructose-C™“, but not with formate-C"™, lactate-1-C™, or glucose-C™%. The 
cholesterol was not significantly labelled from any of the precursors other than 
acetate-1-C™, 


Introduction 


Many investigators have studied the incorporation of acetate-C™ into the 
total fatty acids and cholesterol of surviving liver slices (2, 4-8, 20, 22, 23). 
Much less is known concerning the labelling of the phospholipids. Jn vitro 
incorporation of acetate-C™ into the fatty acids of phospholipids in rat liver 
slices was first demonstrated by Pihl and Bloch (21). Altman, Miller, and 
Bly (1) reported that the labelling of the fatty acids of the triglycerides and 
phospholipids in perfused rat liver was enhanced by insulin and depressed by 
injections of cortisone prior to death. 

As far as the authors are aware, there is no report of a comprehensive 
investigation of the incorporation of acetate-1-C into the phospholipids. It 
appeared, therefore, that a study of factors affecting the labelling of the 
acetone-insoluble lipid (phospholipid) from acetate-1-C" in liver slices would 
contribute to the understanding of phospholipid metabolism. It also seemed 
probable that a better interpretation of the experimental data would be 
possible if the findings for phospholipids could be compared with those for 
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cholesterol, which has been the subject of much more extensive study. Evidence 
presented by other workers (13, 22), and that obtained in our preliminary 
studies, indicated that the free or non-esterified cholesterol represents the 
newly-formed cholesterol. For this reason, the results for cholesterol shown 
in the tables to follow include only those for the highly-labelled non-esterified 
fraction. In most of the published papers on the im vitro labelling of choles- 
terol, the study concerned total cholesterol, which is derived from a mixture 
of highly-labelled free cholesterol and poorly-labelled cholesterol ester. The 
fatty acids of the acetone-soluble fraction remaining after precipitation of the 
phospholipids were isolated in some, but not all, experiments. These fatty 
acids are derived chiefly from triglyceride. 


Materials and Methods 
Materials 


Sodium acetate-1-C™, sodium formate-C™, and glycine-2-C, were obtained 
from Tracer Lab. Inc., Boston. Sodium lactate-1-C' was supplied by Nuclear 
Research Corporation, Philadelphia. Glycerol-1-C and uniformly-labelled 
fructose-C™“ were obtained from Radiochemical Centre, Amersham, England. 
Uniformly-labelled glucose-C“ was supplied by Dr. G. Krotkov, Queen’s 
University, Kingston. 


Animals 


The rats used throughout the investigation were males of the Sprague- 
Dawley strain. The guinea pigs were of unknown genetic origin. All animals 
were maintained at 22° C. in temperature-controlled rooms and were fed ad 
libitum. Both species received a basic diet of Master Fox Cubes (Toronto 
Elevators, Ltd.), composed of approximately 53% carbohydrate, 3.5% fat, 
and 20% protein. The guinea pigs were provided with a daily supplement 
of fresh cabbage and carrots. 


Preparation and Treaiment of Liver Slices 


Each animal was killed by decapitation. The liver was excised rapidly 
after perfusion in situ with cold (2°-5° C.) isotonic saline. Slices less than 
0.5 mm. thick were cut freehand with a safety razor blade from blocks of 
tissue held between chilled, ground-glass slides. When only one or two 
samples of the liver were required, the slices were prepared from the right 
median lobe. Approximately 500 mgm. of the sliced tissue was transferred to 
a tared Warburg flask containing cold Krebs-Ringer bicarbonate buffer 
(pH 7.4) prepared as described by Umbreit, Burris, and Stauffer (33). The 
flask was reweighed and 3 ymoles labelled substrate containing 3 uc. radio- 
activity was added. The flask was attached to its manometer and gassed 
with a 95% oxygen-5% carbon dioxide mixture. The sample was then 
incubated at 37.5° C. on a shaker bath for four hours, unless otherwise indi- 
cated. When anaerobic conditions were required, the oxygen of the gas 
mixture was replaced with nitrogen and last traces of oxygen were removed 
by passing over heated copper. 
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Substrates and inhibitors were dissolved in the buffer and, when necessary, 
the solutions were adjusted to pH 7.4 with dilute hydrochloric acid or sodium 
hydroxide. The final volume of incubating medium for 500 mgm. of tissue 
was maintained at 5 ml. 


Extraction of the Lipids 

After incubation the buffer was decanted and the tissue was homogenized 
immediately in 3 ml. cold (0°-2° C.) 95% ethanol in a Potter-Elvehjem glass 
homogenizer. The homogenate was transferred to a thick-walled centrifuge 
tube with two 1 ml. portions of ethanol. The mixture was then centrifuged 
and the supernatant was decanted (Extract I). The tissue residue was 
extracted successively with two more 5 ml. portions of cold ethanol, four 
5 ml. portions of hot ethanol—ether 3 : 1, and one 5 ml. portion of ethyl ether. 
These extracts were added to Extract I. Preliminary investigation indicated 
that further extraction of the residue with hot chloroform—methanol 1 : 1 
yielded only small amounts of material containing negligible amounts of 
isotopic carbon. 


Purification of Extract I 


The crude lipid extract from above was taken to dryness at 40°-50° C. with 
reduced pressure under an atmosphere of nitrogen. The residue was dissolved 
in ethyl ether and was transferred with washings of ethyl ether to a separatory 
funnel. The volume was made up to approximately 100 ml. Traces of 
labelled water-soluble compounds were removed by washing the mixture 
successively with 5 ml. portions of a solution of sodium chloride 2M that 
contained the appropriate carrier (e.g. sodium acetate) in concentration of 
0.05 M. The ethereal solution was then thoroughly washed with distilled 
water and was taken to dryness under the conditions described previously. 
A small amount of a mixture of benzene — absolute ethanol 3 : 1 was added to 
facilitate the removal of the last traces of moisture. 


Fractionation of the Lipids 

Phospholipids 

The residue from Extract I was transferred to a centrifuge tube with light 
petroleum (b.p. 40°-60° C.) and the phospholipids were precipitated with dry 
acetone and magnesium chloride according to the method of Sinclair and 
Dolan (29). After centrifugation, the supernatant was decanted and reserved 
for further investigation (Extract II). The precipitate was washed once with 
2 ml. dry acetone and the washing was added to Extract II. The phospho- 
lipids were extracted from the precipitate with two 2 ml. portions of moist, 
boiling ethyl ether and one 2 ml. portion of boiling light petroleum. The total 
extract was reduced in volume under a stream of nitrogen, transferred to a 
2 ml. volumetric flask, and made to volume with a solution of light petroleum- 
benzene 1:1. Suitable aliquots were plated on tared aluminum planchets for 
counting. 
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Non-esterified Cholesterol 

Extract II was taken to dryness and the residue was dissolved in 2 ml. 
acetone-ethanol 1:1. After the addition of 5 ml. 1 % digitonin (w/v in 80% 
ethanol), the mixture was stirred well, heated in a water bath at 70° C. for 
five minutes, and allowed to stand for 12 hr. at room temperature. The 
mixture was then centrifuged and the supernatant was decanted. The 
precipitate was washed successively with 5 ml. portions of the following 
solvents: 85% ethanol, acetone-ether 2 : 1, and ethyl ether. The washings 
were pooled with the supernatant remaining affer precipitation of the choles- 
terol digitonide and the combined extract was set aside for saponification 
(Extract III). 

The cholesterol digitonide was dissolved in 1 ml. boiling methanol, trans- 
ferred to a 2 ml. volumetric flask, and made to volume. Suitable aliquots 
were taken for counting and colorimetric estimation of cholesterol by the 
method of Schoenheimer and Sperry as modified by Sperry and Webb (30). 


Fatty Acid of Acetone-soluble Lipid 

Extract III was reduced almost to dryness and after the addition of 8 ml. 
20 % potassium hydroxide (w/v in 50% ethanol), the mixture was refluxed 
on a steam bath for eight hours. The saponification mixture was cooled and 
transferred to a separatory funnel. Because of the high specific activity of 
cholesterol relative to that of the remaining fatty acids, a carrier technique 
was employed for the removal of radioactive non-saponifiable material. The 
mixture was shaken with 5 ml. ethereal solution of unlabelled cholesterol 
(100 mgm./100 ml.) and then extracted with seven fresh portions of ethyl 
ether, which were discarded. The remaining aqueous solution was acidified 
(pH 2) with dilute hydrochloric acid and the fatty acids were extracted with 
five portions of light petroleum. 

The combined petroleum extracts were washed thoroughly with water and 
were then taken to dryness under nitrogen. The residue was extracted with 
light petroleum and the extract transferred to a 2 ml. volumetric flask, which 
was made up to volume with a solution of benzene-petroleum 1:1. Suitable 
aliquots were plated for counting. 


Purification of Cholesterol 


In some instances the cholesterol digitonide obtained from pooled samples 
of normal rat liver slices incubated for four hours was cleaved with pyridine 
according to the method of Schoenheimer and Dam (26). The cholesterol 
thus liberated was purified by conversion into 5,6-dibrom-3-cholestanol with 
subsequent reconversion to cholesterol by the method of Fieser, as modified 
by Schwenk and Werthessen (27). 


Determination of Radioactivity 
Plating 


Suitable aliquots were plated on tared aluminum planchets that were 
rotated on a sample spinner (Nuclear Instrument and Chemical Corporation, 
Chicago) beneath an infrared lamp until thoroughly dry. An even distribution 
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of aqueous solutions on the planchet was attained by the addition of a drop 
of a solution of ‘Orvus’ detergent (Proctor and Gamble Co., Ltd., Hamilton) 
to the planchet prior to plating of the sample. Hydrolysis of water-soluble 


compounds (e.g. sodium acetate) was minimized by making the solutions 
alkaline before plating. 


Counting 


Lipid samples were counted in a windowless gas-flow counter (Nuclear 
Instrument and Chemical Corporation, Chicago). Samples of water-soluble 
compounds were counted in a thin (1.68 mgm./cm.*) end-window Geiger-— 
Miiller counter (Nuclear Instrument and Chemical Corporation, Chicago). 
Net counting rates were corrected for self-absorption by the method of 
Yankwich, Norris, and Huston (35), and were adjusted to a standard amount 
of radioactivity added to the incubating medium. The standard error of 
counting was maintained below the 5 % level. 





Specific Activity 
The specific activity (S.A.) of a sample was calculated as follows: 
i corrected net counting rate (counts/min.) 


mgm. lipid in sample 
The weight of lipid in the sample was determined gravimetrically for the 
phospholipids and acetone-soluble fatty acids. The amount of cholesterol in 
the sample counted was determined colorimetrically on a separate aliquot. 


Results 
Time Course of Labelling 
Samples were prepared in duplicate from the livers of two rats. The slices 
were portioned so that each flask received an equal number of slices from each 
lobe of the two livers. The samples were incubated for 0, 30, 60, 120, 180, or 
240 min. in the presence of acetate-1-C%. The results, shown in Fig. 1, 
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Fic. 1. Time course of the labelling of phospholipids, non-esterified cholesterol, and 
acetone-soluble fatty acids. Abscissa, incubation time (hr.). Ordinate, specific activity 
(counts/min./mgm. ). 
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Non-esterified Cholesterol 

Extract II was taken to dryness and the residue was dissolved in 2 ml. 
acetone-ethanol 1:1. After the addition of 5 ml. 1 % digitonin (w/v in 80% 
ethanol), the mixture was stirred well, heated in a water bath at 70° C. for 
five minutes, and allowed to stand for 12 hr. at room temperature. The 
mixture was then centrifuged and the supernatant was decanted. The 
precipitate was washed successively with 5 ml. portions of the following 
solvents: 85% ethanol, acetone-ether 2 : 1, and ethyl ether. The washings 
were pooled with the supernatant remaining affer precipitation of the choles- 
terol digitonide and the combined extract was set aside for saponification 
(Extract IIT). 

The cholesterol digitonide was dissolved in 1 ml. boiling methanol, trans- 
ferred to a 2 ml. volumetric flask, and made to volume. Suitable aliquots 
were taken for counting and colorimetric estimation of cholesterol by the 
method of Schoenheimer and Sperry as modified by Sperry and Webb (30). 


Fatty Acid of Acetone-soluble Lipid 


Extract III was reduced almost to dryness and after the addition of 8 ml. 
20 % potassium hydroxide (w/v in 50% ethanol), the mixture was refluxed 
on a steam bath for eight hours. The saponification mixture was cooled and 
transferred to a separatory funnel. Because of the high specific activity of 
cholesterol relative to that of the remaining fatty acids, a carrier technique 
was employed for the removal of radioactive non-saponifiable material. The 
mixture was shaken with 5 ml. ethereal solution of unlabelled cholesterol 
(100 mgm./100 ml.) and then extracted with seven fresh portions of ethyl 
ether, which were discarded. The remaining aqueous solution was acidified 
(pH 2) with dilute hydrochloric acid and the fatty acids were extracted with 
five portions of light petroleum. 

The combined petroleum extracts were washed thoroughly with water and 
were then taken to dryness under nitrogen. The residue was extracted with 
light petroleum and the extract transferred to a 2 ml. volumetric flask, which 
was made up to volume with a solution of benzene-petroleum 1:1. Suitable 
aliquots were plated for counting. 


Purification of Cholesterol 


In some instances the cholesterol digitonide obtained from pooled samples 
of normal rat liver slices incubated for four hours was cleaved with pyridine 
according to the method of Schoenheimer and Dam (26). The cholesterol 
thus liberated was purified by conversion into 5,6-dibrom-3-cholestanol with 
subsequent reconversion to cholesterol by the method of Fieser, as modified 
by Schwenk and Werthessen (27). 


Determination of Radioactivity 

Plating 

Suitable aliquots were plated on tared aluminum planchets that were 
rotated on a sample spinner (Nuclear Instrument and Chemical Corporation, 
Chicago) beneath an infrared lamp until thoroughly dry. An even distribution 











KLINE AND DeLUCA: LABELLING OF PHOSPHOLIPID IN LIVER SLICES 433 


of aqueous solutions on the planchet was attained by the addition of a drop 
of a solution of ‘Orvus’ detergent (Proctor and Gamble Co., Ltd., Hamilton) 
to the planchet prior to plating of the sample. Hydrolysis of water-soluble 
compounds (e.g. sodium acetate) was minimized by making the solutions 
alkaline before plating. 


Counting 

Lipid samples were counted in a windowless gas-flow counter (Nuclear 
Instrument and Chemical Corporation, Chicago). Samples of water-soluble 
compounds were counted in a thin (1.68 mgm./cm.*) end-window Geiger-— 
Miiller counter (Nuclear Instrument and Chemical Corporation, Chicago). 
Net counting rates were corrected for self-absorption by the method of 
Yankwich, Norris, and Huston (35), and were adjusted to a standard amount 
of radioactivity added to the incubating medium. The standard error of 
counting was maintained below the 5 % level. 





Specific Activity 
The specific activity (S.A.) of a sample was calculated as follows: 
i corrected net counting rate (counts/min.) 


mgm. lipid in sample 
The weight of lipid in the sample was determined gravimetrically for the 
phospholipids and acetone-soluble fatty acids. The amount of cholesterol in 
the sample counted was determined colorimetrically on a separate aliquot. 


Results 
Time Course of Labelling 
Samples were prepared in duplicate from the livers of two rats. The slices 
were portioned so that each flask received an equal number of slices from each 
lobe of the two livers. The samples were incubated for 0, 30, 60, 120, 180, or 
240 min. in the presence of acetate-1-C'. The results, shown in Fig. 1, 
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Fic. 1. Time course of the labelling of phospholipids, non-esterified cholesterol, and 
acetone-soluble fatty acids. Abscissa, incubation time (hr.). Ordinate, specific activity 
(counts/min./mgm. ). 
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indicate that the specific activities of the phospholipids and non-esterified 
cholesterol increased throughout the full period of the incubation. The 
specific activity of the fatty acids of the acetone-soluble lipid reached a 
maximum at two hours, after which time there was no significant change. 
These findings are not in conflict with the observation of Medes, Thomas, and 
Weinhouse (20) that the specific activity of the total fatty acids continued to 
rise throughout a four hour incubation period, since the fatty acids of the 
acetone-soluble lipid represent only a small fraction of the total fatty acids. 


DH of the Incubation Medium 


Duplicate samples of rat liver were incubated under an atmosphere of pure 
oxygen in Krebs-Ringer phosphate buffer (33) of pH 6.0, 6.4., 6.6, 6.8, 7.0, or 
7.4. The results, presented in Fig. 2, are expressed as a percentage of the 
maximum specific activity observed for the respective fractions. In the pH 
range studied, the optimum for incorporation of acetate-1-C' into phospho- 
lipid and the fatty acids of the acetone-soluble lipid was found to be in the pH 
range 6.8-7.4. Maximum incorporation into the non-esterified cholesterol was 
at pH 6.6-6.8. The latter finding is in accord with the report of Curran (9). 
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Fic. 2. Effect of the pH of the incubation medium on the incorporation of acetate-1-C™ 
into the phospholipids, cholesterol, and acetone-soluble fatty acids. Abscissa, pH. 
Ordinate, percentage of maximum specific activity for each fraction. 


TABLE I 


EFFECT OF ANAEROBIC CONDITIONS ON THE LABELLING OF LIPIDS OF GUINEA PIG LIVER SLICES 








Specific activity (counts/min./mgm.) 








Lipid fraction 95% Or-5% CO2 95% N2-5% CO: % inhibition 
Phospholipids 240 20 92 
Fatty acids from acetone-soluble lipid 160 0 100 


Non-esterified cholesterol 260 0 100 











| 
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an 


Anaerobic Conditions 


Table I shows that when the oxygen of the gas phase was replaced with 
nitrogen, the incorporation of acetate-1-C"™ into non-esterified cholesterol and 
the fatty acids of the acetone-soluble lipid of guinea pig liver slices was 
abolished. The incorporation into the phospholipids was reduced to a 
negligible level. 


Composition of the Medium 
Glucose 


Bloch and his associates (5) reported that the addition of glucose to the 
incubation medium had no appreciable effect on the incorporation of deuterio- 
acetate into the total fatty acids or cholesterol of rat liver slices. This 
observation did not preclude an effect on the C™ labelling of phospholipids, a 
possibility suggested by the enhancing effect of glucose on the incorporation 
of inorganic P® into the phospholipids of brain and liver slices (25). The 
results shown in Table II indicate that glucose (11 mM) increased the labelling 
of phospholipids and fatty acids of acetone-soluble lipid slightly, but that 
there was no consistent effect on the labelling of non-esterified cholesterol. 


TABLE II 


EFFECT OF THE ADDITION OF GLUCOSE ON THE LABELLING OF LIPIDS OF RAT LIVER SLICES 








Specific activity (counts/min./mgm. ) 








Glucose Fatty acids from Non-esterified 

Expt. No. conc. (mM) Phospholipids acetone-soluble lipid cholesterol 
1 0 5690 19,000 151,000 

11 7000 21,000 139,000 

2 0 . 4990 18,000 167 ,000 

11 6430 20 ,000 175 ,000 

3 0 5960 12,100 101,000 

il 6390 15,100 88 , 300 





Potassium Ion 


Flink, Hastings, and Lowry (12) found that the intracellular level of potas- 
sium in rat liver slices could be maintained only when the potassium 
concentration of the medium was greater than 36 mM. Moreover, it is known 
that the acetate-activating enzyme is stimulated by potassium concentrations 
of 40-80 mM (34). Curran and Clute (10) found that the incorporation of 
acetate-1-C™ into cholesterol of cell clusters from rat liver was enhanced 
markedly when the concentration of potassium ion in the suspending medium 
was raised from 5-42 mM. For this reason, the effect of the concentration of 
potassium ion on the labelling of the phospholipids and non-esterified choles- 
terol was investigated for liver slices. 
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Duplicate samples were incubated in bicarbonate buffer that was 5.9, 40, 
or 124 mM, with respect to potassium ion. The higher concentrations of 
potassium were attained by replacement of the sodium of the medium with 
the required amount of potassium. It can be seen from the results presented 
in Table III that the highest specific activity of the phospholipids was observed 
when the potassium concentration was 40 mM, but that the effect of potas- 
sium was not great. In contrast to the findings of Curran and Clute (10), no 
consistent effect on the labelling of cholesterol was demonstrated. 


TABLE III 


EFFECT OF CONCENTRATION OF POTASSIUM ION ON THE LABELLING OF LIPIDS OF RAT 
LIVER SLICES 








Specific activity (counts/min./mgm.) 








Expt. No. [K+] (mM) Phospholipids Non-esterified cholesterol 

i 5.9 2670 58,400 

40 3460 63,400 

124 2590 59,100 

2 ~ Be 2520 41,800 

40 3190 42,800 

124 2910 52,800 

3 5.9 1640 52,700 

40 1960 50,700 

124 1370 56,500 





Purification of Cholesterol 


It is well known that cholesterol is not the only component of the digitonin- 
precipitable fraction of the lipids (11, 14, 28). Schwenk and Werthessen (27) 
found that following perfusion of swine liver with acetate-1-C™ some of these 
companion substances of cholesterol were of much greater specific activity 
than cholesterol itself. In order to determine whether such an effect was 
also present in rat liver slices, the digitonide precipitate isolated from a 
number of samples was pooled and purified by bromination and debromination 
as described under Methods. Only a very small change in the specific activity 


TABLE IV 


EFFECT OF PURIFICATION OF CHOLESTEROL BY BROMINATION AND DEBROMINATION 








Specific activity (counts/min./mgm. ) 





After purification 





Before by bromination and 
Expt. No. purification debromination % decrease 
1 10, 190* 8970 11.8 
2 9770* 9250 5.5 
3 87,270 86,000 1.3 





*The“crude cholesterol was diluted with unlabelled carrier cholesterol before bromination. 
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of the cholesterol was observed after purification (Table IV), indicating that 
the cholesterol in the digitonide precipitate was not contaminated with large 
amounts of companion substances with specific activities greatly different 
from that of the cholesterol itself. 


Species Differences 


The incorporation of acetate-1-C™ into the phospholipids, non-esterified 
cholesterol, and fatty acids of acetone-soluble lipid from rat liver slices was 
compared to the incorporation into similar fractions from guinea pig liver 
slices (Table V). The labelling of all three fractions proceeded more rapidly 
in rat liver than in guinea pig liver. 


TABLE V 


LABELLING OF LIPIDS OF RAT AND GUINEA PIG LIVER SLICES 


| 


\| 





Specific activity (counts/min./mgm.) 











Fatty acids from Non-esterified 
Phospholipids acetone soluble lipid cholesterol 
Expt. No. Rat Guinea pig Rat Guinea pig Rat Guinea pig 
1 2600 310 2700 70 100 ,000 4000 
2 2100 240 1900 160 92,000 2600 
3 2700 200 2800 170 120,000 4000 





Inhibitors 


The effect of a number of metabolic inhibitors on the labelling of the lipids 
from acetate-1-C™ is shown in Table VI. With the exception of 2,4-dinitro- 
phenol (DNP), the concentrations used were those known to depress oxygen 
consumption in the slice. Cyanide, fluoride, iodoacetate, and DNP depressed 
the labelling of all fractions studied. Malonate inhibited the incorporation 
of acetate-1-C"™ into cholesterol, but did not depress the labelling of phospho- 
lipids. 


Other C-labelled Substrates 


The labelling of phospholipids and non-esterified cholesterol from formate- 
C4, lactate-1-C™, glycine-2-C", glycerol-1-C™, uniformly-labelled glucose-C™, 
and uniformly-labelled fructose-C™ is shown in Table VII. The results are 
expressed as the ratio of the specific activity observed to that obtained for 
the corresponding fraction when acetate-1-C' was used as substrate. With 
the exception of glucose, all the substrates were present in a concentration of 
0.6 mM (i.e. 3 wmoles per flask). Greatest incorporation into both phospho- 
lipids and non-esterified cholesterol was observed when acetate-1-C™ was the 
precursor. The cholesterol was not significantly labelled from any of the 
other precursors, but the phospholipids were labelled from glycine-2-C™, 
glycerol-1-C™, and, surprisingly, from fructose-C™. 
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TABLE VI 


EFFECT OF METABOLIC INHIBITORS ON THE LABELLING OF LIPIDS OF LIVER SLICES 








Specific activity (counts/min./mgm. ) 





























Concentra- Fatty acids from Non-esterified 
Inhibitor tion (M) Phospholipids acetone soluble lipid cholesterol 
Percentage inhibition 
Cyanide* 0 200 31 6200 
3 x 10% 0 100 0 100 0 100 
Fluoridet 0 2300 3300 83 ,000 
10* 93 96 180 96 480 99 
lodoacetatet 0 5700 150 ,000 
10% 0 100 680 99 
2,4-Dinitrophenol* 0 240 160 2600 
10-4 0 100 0 100 0 100 
Malonateft 0 2300 99 ,000 
5S XxX 10° 2400 —4.3 27,000 73 
*Guinea pig liver. 
+Rat liver. 
TABLE VII 
LABELLING OF LIPIDS OF RAT LIVER SLICES FROM OTHER PRECURSORS 
Specific activity .* 
Specific activity, 
Concentration uc. per Non-esterified 
Precursor (mM) flask Phospholipids cholesterol 
Acetate-1-C'* 0.6 1.3 1.00 1.00 
Formate-C™ 0.6 id 0.08 0.02 
Lactate-1-C'* 0.6 ‘2 0.06 0.00 
Glycine-2-C™ 0.6 i.3 0.59 0.03 
0.40 
0.91 
Glycerol-1-C" 0.6 1.3 0.30 0.14 
0.34 
0.55 
Glucose-C™ 4.6 13 0.09 0.02 
Fructose-C'* 0.6 £3 0.31 0.11 





* Mean counts/min./mgm. obtained from duplicate samples with precursor 





Mean counts/min./mgm. obtained from duplicate samples with acetate-1-C* 
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Discussion 


The incorporation of acetate-1-C™ into the phospholipids of rat liver slices 
has been compared with the incorporation into the non-esterified cholesterol 
and the fatty acids of the acetone-soluble lipid. Aerobic conditions were 
found to be necessary for the labelling of phospholipids, as had been previously 
reported for total fatty acids and total cholesterol (5). Cyanide, fluoride, and 
iodoacetate, which in the concentrations used depress respiration in the slice, 
inhibited the labelling of all fractions studied. In contrast, malonate did not 
decrease the specific activity of the phospholipids, but inhibited the labelling 
of cholesterol. Malonate is known to block aerobic metabolism at the level of 
succinate (24) and it would appear that oxidative processes in the Krebs cycle 
beyond succinate are less essential for the labelling of phospholipids from 
acetate-1-C™. In this regard, it is of interest that Lyon and Geyer (19) 
reported that malonate depressed the incorporation of the isotopic carbon 
from octanoate-1-C™ into cholesterol and respiratory carbon dioxide, but did 
not inhibit the labelling of acetoacetate or the long-chain fatty acids, in rat 
liver slices. 

It is well known that DNP inhibits oxidative phosphorylation. The 
inhibitory effect of this compound on the labelling of phospholipids and 
cholesterol suggests that the incorporation of acetate-1-C™ into these lipids 
is dependent upon the formation of energy-rich phosphate compounds. The 
findings are consistent with the currently-held view that adenosinetriphosphate 
is required for the activation of acetate in mammalian tissue. 

Many of the factors that affect the labelling of phospholipids from acetate- 
1-C™ also influence the incorporation of inorganic P*. The latter process, 
like that of labelling from acetate-1-C', is inhibited by cyanide and is 
dependent upon the maintenance of aerobic conditions (32). The incorpora- 
tion of P® into the phospholipids of brain slices is inhibited by DNP, iodo- 
acetate, and fluoride, but not by malonate (31), and is enhanced by the 
addition of glucose to the medium (25). It seems probable that all the 
foregoing effects are general, depending upon the production of energy 
necessary for synthetic processes, rather than specific, affecting a particular 
enzyme system involved in the incorporation of the labelled substrates. Such 
a view is consistent with present knowledge concerning the biosynthesis of 
phospholipids (15-18). The labelling of lecithin from choline-C™ in rat liver 
slices appears to be exceptional in that this process is not inhibited by anaerobic 
conditions (3). 

The experiments with the various C-labelled precursors has added to our 
knowledge of the biosynthesis of lipids. In addition to acetate-1-C™, glycine- 
2-C™ and glycerol-1-C'* were found to be good precursors of phospholipid. 
Experiments* in this laboratory have shown that acetate-1-C™ labels the 
fatty acid portion, and not the base or the glycerol of the phosphoglyceride 
molecule. Glycine-2-C™ labels the base (particularly the serine of phos- 
phatidy] serine and the ethanolamine of phosphatidyl ethanolamine and, to a 


*E. T. Pritchard, unpublished observations. 
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lesser extent, the choline of phosphatidyl choline) and not the fatty acid or 
the glycerol. As might be anticipated, glycerol-1-C' labels the glycerol 
portion of all three known phosphoglycerides, but not the fatty acid or the 
base. 

Formate-C™, lactate-1-C™, and glucose-C™ did not label the phospholipids 
or non-esterified cholesterol to any significant degree. The low specific 
activity of both phospholipids and cholesterol from slices incubated in the 
presence of formate-C™ indicates that no part of the phospholipid or choles- 
terol molecule, unlike the purines of the nucleic acids, is derived from a 
one-carbon intermediate. 
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DIETARY FACTORS AFFECTING THE LEVEL OF PLASMA 
CHOLESTEROL IN HUMANS: THE ROLE OF FAT' 


By J. M. R. BEveRIDGE, W. F. CONNELL, AND G. A. MAYER 


Abstract 


Three dietary experiments have been performed in which 36, 37, and 49 male 
medical students and staff members participated as experimental subjects. In 
each study, everyone consumed the same homogeneous formula diet for eight 
days at which time they were divided into five groups. One group was main- 
tained on the original diet for a further eight days and the others were given 
diets varying in respect of the level and nature of the fat moiety. Protein 
supplied 16.9% of total calories in all experimental rations. _In the first experi- 
ment, 37 subjects ingested a diet providing 58.5% of calories as corn oil. During 
the initial period the average of the individual percentage decreases in plasma 
cholesterol was 32.0 (P = <0.01). Those continuing on corn oil displayed a 
further insignificant decrease. The others, receiving diets high in beef dripping, 
chicken fat, lard, and butter showed average individual percentage increases of 
11.7(P = >0.05), 12.7(P = >0.05), 15.4(P = <0.01), and 28.8(P = <0.01), 
respectively. In the second experiment, 49 subjects consumed a fat-free diet for 
eight days. The average individual percentage decrease in plasma cholesterol 
was 22.2 (P = <0.01). Those continuing on the fat-free diet showed little 
further change. Those ingesting 20 and 60% of calories as corn oil showed 
further percentage decreases of 6.9 (P = >0.05) and 15.2 (P = <0.01), 
respectively. By contrast, those receiving diets providing 20 and 60% of calories 
as butterfat showed respectively percentage increases of 6.6 (P = >0.05) and 
21.7 (P = <0.01). In the third ex gry 36 subjects ingested for eight 
days a diet in which butterfat provid of calories. The plasma cholesterol 
level remained essentially constant, he dea not change significantly in those 
continuing on this diet for a further eight days. The composition of the fat 
moiety in the remaining groups in terms of per cent calories derived from butter- 
fat and corn oil respectively was: 45:15; 30:30; 15:45; and0:60. The 
averages of the individual percentage decreases in plasma cholesterol values 
were, respectively, 3.9, 15.9, 27.1, and 32.0. Except for the lowest of these 
values all the changes are highly significant (P = <0.01). In addition to 
other conclusions that may be drawn from this work, these studies reveal that 
(1) there is a factor (or are factors) in certain animal fats that acts to elevate 
plasma cholesterol levels, and (2) there is a factor (or are factors) in corn oil that 
acts to depress plasma cholesterol levels. 


In a paper published recently (4) we outlined the divergent conclusions 
that had been reached regarding the effect of dietary fat of animal origin on 
the one hand and of a vegetable fat on the other with regard to their influence 
on plasma cholesterol level. Reasons that need not be reiterated here were 
advanced for performing some of these investigations utilizing homogeneous 
diets comprised of a relatively few components of definitely known composition 
which could be accurately made up and dispensed. Under the experimental 
conditions used, there was found to be a highly significant difference between 
the effect of vegetable fat in the form of margarine and corn oil and of animal 
fat in the form of butter. Other investigators utilizing somewhat different 
dietary regimens and experimental designs (1a, 5, 10) have reached the same 
conclusion. Ahrens and his colleagues (1a) in long term studies on hospitalized 
subjects have demonstrated that when a diet containing vegetable oil is eaten 


for a period of many months the plasma cholesterol remains at a relatively 
low level. 


1Manuscript received December 9, 1955. 


Contribution from the Departments of Biochemistry and Medicine, Faculty of Medicine, 
Queen's University, Kingston, Ontario. 
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It should be emphasized that whether plasma lipids fall or rise following a 
change in diet depends entirely on the levels obtaining on the antecedent diet. 
The question thus arose as to whether the fall in plasma cholesterol noted in 
our previous work with the formula type homogeneous diets containing only 
vegetable fats was due to the elimination of animal fat from the ration or 
was due to a factor or factors in the corn oil that actively depressed the level 
of plasma lipids. Another question that presented itself was why the addition 
of vegetable oil to certain non-vegetarian diets containing the usual variety 
of foodstuffs and small amounts of animal fat led to an increase in plasma 
cholesterol (6, 7,8,9,11). Ina previous paper we suggested (4) that vegetable 
fat might act in conjunction with some unknown substance of animal origin to 
raise the levels of these plasma components. Since high proportions of 
animal fat alone when included in the simple formula type rations caused an 
elevation of plasma lipids (4) it seemed reasonable to postulate that the 
hypothetical substance of animal origin might be lipid in nature or associated 
with lipids. The following experiments, performed with the co-operation 
of over a hundred medical students together with a few members of staff, 
comprise an extension of our previous work and were also designed to throw 
light on the two questions posed above. 


Experimental 


The experimental diets were prepared and stored until required in a freezer 
in the manner described by us in a recent publication (4). The only other 
items permitted were water, clear tea, and clear coffee. A very small number 
of participants, for a variety of reasons, were unable to stay on the diet and 
dropped out.The subjects were asked to take sufficient of the experimental 
diets to keep their body weight as nearly constant as possible, a significant 
feature in view of the report by Andersen et al. (1b) on the increase or decrease 
in plasma lipids that occurs during a period in which there is a gain or loss in 
weight respectively. Only a few individuals gained or lost more than two or 
three pounds during the experimental period and the great majority were 
highly successful in maintaining their body weight constant. 

The general design of each feeding trial was the same. All subjects 
consumed the same homogeneous formula diet for eight days. The participants 
were then divided into five comparable groups on the basis of the plasma 
cholesterol values determined at the start of the fourth day in the case of 
Experiment I and at the start of the fifth day in the case of Experiments II 
and III. One group continued eating the original diet for a further eight 
days whereas the other four groups received diets varying in respect of the 
nature and the level of the fat moiety. Protein supplied 16.9% of total 
calories in all experimental diets. The cholesterol analyses were performed 
according to a slight modification of the Sperry-Schoenheimer procedure (15) 
on samples of heparinized plasma. All bloodletting was performed prior to 
breakfast usually between 7.00 and 8.30 A.M. 

Three feeding trials were performed and these are described under the 
headings, Experiment I, II, and III. 
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Experiment I 


It was thought advisable to attempt to confirm our previous findings in 
respect of the effect of butterfat and of corn oil using a large group of 
individuals and to determine whether or not other fats of animal origin exerted 
any action in raising plasma lipid levels. 


Thirty-seven subjects (35 medical students and two members of staff) were 
placed for eight days on a diet (see Table 1) in which 58.5% of the calories 
was supplied in the form of corn oil. On the basis of plasma cholesterol 
determinations performed at the start of the fourth day the participants were 
divided into five comparable groups. The two staff members, since they were 
of a different age group, were considered separately and were simply carried 
as supernumeraries. One group, HM, was continued for a further eight days 
on the diet high in corn oil and the four other groups were transferred to diets 
containing equicaloric amounts of the following animal fats: lard, beef 
dripping, chicken fat, and butter. 


TABLE | 


COMPOSITION OF BASAL DIET FOR EXPERIMENT I|.* AMOUNTS REQUIRED 
TO MAKE A 950 CAL. SAMPLE 














Ingredient Amount (gm.) Protein (gm.) CHO (gm.) Fat (gm.) 
Starlact 112.3 40 58.4 0.45 
Corn oil 61.2 — —~ 61.2 
Total 173.5 40 58.4 61.65 
Calories 948 .45 160.0 233.6 554.85 


% Calories 16.9 24.6 58.5 





* A supplement of vitamins was supplied in the form of Vitules (Wyeth). Roughage was 
supplied by the addition of about four grams of celluflour per 950-cal. batch. Both celluflour 
and vitamins were mixed in with the other ingredients. 

tA brand of skim milk powder (Borden's). 


Results and Discussion 


The group averages for plasma cholesterol values are shown in Fig. 1. The 
responses of the two faculty members were qualitatively the same as those of 
the medical students and are presented in the form of footnotes under Figs. 2 
and 3. During the first eight day period when everyone ingested the diet in 
which 58.5% of the calories was supplied in the form of corn oil, the average 
percentage drop calculated by averaging the individual percentage changes 
was 32.0.* The probability that this change could have occurred by chance 
was less than 0.01. (cf. Bernstein and Weatherall (2) ). Those continuing 


*This and the other values given in this paper for percentage decreases differ slightly from those 
published in an abstract of a paper submitted for presentation at the annual meeting of the American 
Society for the Study of Arteriosclerosis on November 6 and 7, 1955, and published in Circulation, 
12 (3): 499. 1955, owing to the fact that the latter were calculated on the basis of percentage change 
of averages of the individual absolute values. 
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Fic. 1. Average values for plasma total cholesterol of 30 subjects during a period of 
eight days on a homogeneous formula diet in which corn oil supplied 58.5% of the total 
calories and during a subsequent similar period in which the subjects were div ided into five 
groups and consumed diets differing only in the nature of the fat moiety, the fats used 
being corn oil, beef dripping, chicken fat, lard, and butterfat. 





Fic. 2. Individual values* for plasma total cholesterol of six subjects during a period 
of 16 days on a homogeneous formula diet in which corn oil supplied 58.5% of the total 
calories. 


Fic. 3. Individual valuest for plasma total cholesterol of six subjects during a period 
of eight days on a homogeneous formula diet in which corn oil supplied 58.5% of the total 
calories and during a subsequent similar period in which the subjects consumed a diet 
containing an equicaloric amount of beef dripping. 


*The values for a staff member, 48 years of age, not included in the above graph were for day 
0, 3, 8, 11, and 16 respectively 301.2, 291.7, 222.5, 207.7, and 199.5 mgm. cholesterol per 
100 ml. of plasma. These figures correspond to a decrease of 26% by day 8 compared to the 
average drop of 32.0% seen in the entire group of medical students. The corresponding 
figures for percentage change between day 0 and 16 for this staff member and the students who 
ate HM diet throughout were 33.6 and 28.9 respectively. 

+The values for a staff member, 42 years of age, not included in the above ae were for day 
0, 3, 8, 11, and 16 respectively 209.6, 163.6, 159.0, 163.8, and 204.5 mgm. cholesterol per 100 
ml. of plasma. Thus this subject showed a decrease of 24.1% by day 8 compared to the average 
drop of 32.0% observed in the entire group of medical students. The percentage increase from 
day 8 to 16 on the diet containing beef dripping was 28.6 which is to be contrasted with the 
average increase of 11.7% observed in the medical students. 
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Individual values for plasma total cholesterol of six subjects during a 


period of eight days on a homogeneous formula diet in which corn oil supplied 58.5% of 
the total calories and during a subsequent similar period in which the subjects consumed a 
diet containing an equicaloric amount of chicken fat (Fic. 4) and lard (Fie. 5). 
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Fic. 6. Individual values for plasma total cholesterol of six subjects during a period of 
eight days on a homogeneous formula diet in which corn oil supplied 58.5% of the total 
calories and during a subsequent similar period in which the subjects consumed a diet 
containing an equicaloric amount of butterfat. 


on the corn oil showed a further slight decrease of no significance. The other 
groups that were transferred to diets high in animal fat—beef dripping, 
chicken fat, lard, and butter showed increases of 11.7, 12.7, 15.4, and 28.8% 
respectively. Only the increases on the butterfat and lard diets could be 
shown to be significant, the probability in both cases being less than 0.01. 
An examination of Figs. 2—6 showing the individual results reveal that although 
there were a few aberrant responses these were no more than investigators 
have come to expect when working with subjects of varied genetic background. 
Indeed the most striking feature is the uniformity of the response rather than 
the variability. These findings indicate that the fats of animal origin tested 
contain variable amounts of a factor or factors that act to increase plasma 
lipid levels and that butterfat is far more potent in this regard than the other 
fats of animal origin so far tested. 











448 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 34, 1956 


Experiment II 


The results of the first experiment confirmed and extended our previous 
findings on the difference in effect of corn oil and animal fat on plasma 
cholesterol levels. The next question that arose was whether the effect of a 
diet containing corn oil in causing a decrease in plasma cholesterol level was 
due simply to the fact that animal fat had been eliminated from the diet or 
to the presence of some factor or factors in corn oil that actively lowered the 
cholesterol concentration. The following experiment was carried out to clarify 
this point. 

Forty-nine subjects consumed for eight days the ‘‘fat-free’’ diet whose 
composition is shown in Table II. The participants were then divided into 
five comparable groups on the basis of the plasma cholesterol values deter- 
mined at the start of the fifth day. Three staff members, being of a different 
age group, were carried as supernumeraries. One group (FF) continued on 
the ‘‘fat-free’’ diet for a further eight days. The other four groups were 
transferred to diets in which amounts of butterfat or corn oil providing 20 
and 60% of total calories were substituted for the dextrimaltose moiety. The 
diets in which butterfat provided 20 and 60% of the total calories are referred 
to as B and HB and those containing corn oil in similar amounts are referred 
to as M and HM. 


TABLE II 


COMPOSITION OF BASAL DIET FOR EXPERIMENT II.* AMOUNTS REQUIRED 
TO MAKE A 950 CAL. SAMPLE 











Ingredient Amount (gm.) Protein (gm.) Fat (gm.) CHO (gm.) 
Lesofact 60 30 0.6 23.5 
Starlac 28.1 10 0.1 14.6 
Dextrimaltose 143.5 — — 140.7 
Sucrose 17.1 — —_ a7 .3 
Total _- 40.0 0.7 195.9 
Calories 949 9 160.0 6.3 783 .6 
% Calories —_ 16.9 0.7 82.4 





*A supplement of vitamins was supplied in the form of Vitules (Wyeth). Roughage was 
supplied by the addition of about four grams of celluflour per 950-cal. batch. Both celluflour and 
vitamins were mixed in with the other ingredients. 

tA protein preparation derived from milk. 


Results and Discussion 


The group averages for plasma cholesterol values and the averages of the 
individual percentage changes noted between day 8 and 16 are shown in Figs. 
7 and 8. The data on the faculty members are given in the form of footnotes 
to the former figure. During the initial eight day period when all subjects 
consumed the “‘fat-free’” diet, the plasma cholesterol decreased 22.2%, a 
highly significant change (P = <0.01). . Those continuing on this diet for 
the second eight day period showed essentially no further change. It is 
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important to recall that the average percentage drop in the first experiment 
occurring when all subjects were on the diet high in corn oil was 32.0%, 
4 whereas in the present experiment when all individuals consumed a ‘‘fat-free’’ 
diet the decrease was only 22.2%. There were 18 subjects who participated 
in both experiments and an analysis of their responses by the chi-square 
technique indicated that the diet containing corn oil led to significantly lower 
plasma cholesterol levels than did the ‘fat-free’ diet. In 15 out of the 18 
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Fic. 7. Average values* for plasma total cholesterol of 40 subjects during a period of 
eight days during which a homogeneous formula diet essentially free from fat was consumed. 
During a subsequent similar period for which the subjects were divided into five groups 
the subjects consumed diets differing in the nature and level of the fat moiety according to 
the legend in the bottom left corner of the graph. 


* The values for a staff member, 59 years of age, not included in the above graph were for day 
0, 4, 8, 12, and 16 respectively 369.9, 265.6, 267.8, 241.7, and 238.4 mgm. cholesterol per 100 
ml. of plasma. These figures correspond to a decrease of 27.6% by day 8 compared to the 
average drop of 22.2% seen in the entire group of medical students. The corresponding figures 
for percentage change between day 0 and 16 for this staff member and the students who ate FF 
diet throughout are 35.6 and 26.9 respectively. 

The values for a staff member, 39 years of age, not included in the above graph were for day 
0, 4, 8, 12, and 16 respectively 269.3, 186.2, 186.7, 172.1, and 165.3 mgm. cholesterol per 100 
ml. of plasma. These figures correspond to a decrease of 30.6% by day 8: com pared to the average 
drop of 22.2% seen in the entire group of medical students. The corresponding figures for 
percentage drop between day 8 and 16 for this staff member and the students who ate HM diet 
during the last eight days are 11.3 and 15.2 respectively. 

The values for a staff member, 40 yzars of age, not included in the above graph were for day 

- 0,4, 8, 12, and 16 respectively 322.0, 301.5, 281.3, 229.8, and 234.7 mgm. cholesterol per 100 

ml. of plasma. These figures correspond to a decrease of 12.7% by day 8 compared to the 
average drop of 22.2% seen in the entire group of medical students. The corresponding figures 
for percentage change between day 8 and 16 for this staff member and the students who ate 
M diet during the last eight days are 16.6 and 6.9 respectively. 
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Fic. 8. Averages of the individual percentage changes in plasma cholesterol noted 
between day 8 and 16 for groups of medical students following an initial period of eight 
days on a fat-free diet and placement on diets varying in respect of the nature and level 
of the fat moiety as indicated in the lower left hand corner of the graph. 

Fic. 9. Comparison of the average of the individual percentage changes in plasma 
cholesterol in 18 medical students who in Experiment I ate a diet high in corn oil, HM, 
and in Experiment II a “fat-free” diet, FF, for a period of eight days. 
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subjects the greatest percentage decrease occurred when they were on the 
diet high in corn oil. The average difference for the 18 individuals amounted 
to 12.9% and is demonstrated in Fig. 9. This result indicated that the 
ingestion of a diet containing corn oil in place of animal fat did not lead to a 
decrease in plasma cholesterol simply as a result of the elimination of animal 
fat from the ration but rather that this effect was due to the presence of some 
factor or factors in the corn oil that acted to lower the concentration of this 
blood component. 


In further support of this conclusion are the results obtained during the 
second eight day period of Experiment II (cf. Fig. 8). Thus, whereas the 
group that continued on the diet free from fat showed no appreciable change 
in plasma cholesterol, those who ate diets providing 20 and 60% of the calories 
in the form of corn oil manifested further decreases of 6.9 and 15.2% respec- 
tively. Only the latter change is statistically significant (P = <0.01). These 
results provide excellent support for the conclusion presented above. This 
work is being continued in order to determine the nature of the potent plasma 
cholesterol depressing factor in corn oil. One of the more obvious possibilities 
in this connection is that the plant sterols in this oil are responsible for the 
effect observed.. This action of phytosterols was first demonstrated by 
Peterson (12) in 1951 in chicks. Similar results have been reported subse- 
quently by others in the rabbit (13) and in some hypercholesterolemic subjects 
(3,14). Other possible explanations for the action of corn oil lie in the presence 
of tocopherols and in the nature of the fatty acid residues in respect of chain 
length and number and position of double bonds. 

The subjects transferred to the diets providing 20 and 60% of the calories 
in the form of butterfat showed increases in plasma cholesterol of 6.6% 
(P = 0.1-0.2) and 21.7% respectively (P = <0.01) the latter change being 
highly significant. The percentage changes from day 8 to day 16 are shown 
in Fig. 8. These results emphasize the difference between corn oil and butter- 
fat. At the same time they confirm the conclusions reached by several 
investigators (6, 7, 8, 9, 11) who used mixed non-vegetarian diets to the effect 
that increasing levels of animal fat in the diet lead to increased concentrations 
of plasma cholesterol. 


Experiment III 


In a previous publication (4) we referred to the fact that Keys et al. (8, 9), 
Hildreth et al. (6, 7), and ourselves (11) had found that the addition of vegeta- 
bie fat to a non-vegetarian mixed diet effected an increase in plasma cholesterol. 
We suggested that vegetable fat per se might have no tendency to increase the 
concentration of plasma lipids, but in conjunction with some unknown sub- 
stance of animal origin usually present in a non-vegetarian diet it might raise 
the level of these blood components. Since high proportions of animal fat alone 
when included in the simple formula type diets caused an elevation of plasma 
lipids, it seemed reasonable to assume that this hypothetical substance of 
animal origin might be lipid in nature or associated with lipids. The following 
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experiment was designed to test part of this hypothesis by determining the 
effect on plasma cholesterol levels of feeding varying mixtures of corn oil and 
an animal fat, butter. 

Thirty-six subjects ingested for eight days a diet in which butterfat provided 
60% of calories. The composition of this ration was the same as that for 
diet HB in Experiment II. The participants were divided into five compar- 
able groups as outlined in the previous experiment and the practice of carrying 
the staff members (two) as supernumeraries was also followed. One group, 
HB, was continued for a further eight days of the diet high in butterfat and 
the four other groups were placed on diets in which the percentages of calories 
provided by the butterfat and corn oil were respectively 45:15; 30:30; 
15 : 45; and 0 : 60. 


Results and Discussion 


The group averages for plasma cholesterol values and the averages of the 
individual percentage changes noted between day 8 and 16 are shown in 
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eight ho on a homogeneous formula diet in which butterfat supplied 60°% of the total 
calories and during a subsequent similar period in which the subjects were divided into 
five groups and consumed diets differing only in the nature of the fat moiety, as indicated 
in the lower left hand corner of the graph. 


*The values for a staff member, 42 years of age, not included in the above graph were for day 
0, 4, 8, 12, and 16 respectively 215.7, : 234.8, 217.0, 172.8, and 193.0 mgm. cholesterol per 100 
ml. of plasma. These figures correspond to a percentage decrease between day 8 and 16 of 
11.1% compared to the average drop of 27.1% seen in the students transferred to diet C. This 
subject also participated in Experiment I (cf. footnote to Fig. 3 for results). 
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Figs. 10 and 11. The data on the faculty members are given in the form of 
footnotes to the former figure. During the first eight day period when all 
subjects ingested the ration HB, which provided 60% of the total calories in 
the form of butterfat, there was understandably a variable individual response 
since whether the plasma cholesterol would go up or down slightly would 
depend upon each individual’s antecedent diet. The group as a whole, it 
should be noted, showed no significant trend, the average eight day value for 
all subjects being only one half of one per cent lower than the zero day level. 
This result is to be contrasted with the obvious and highly significant decrease 
noted in a similar group of students on a diet high in corn oil (cf. Fig. 1). 
Those continuing on the HB ration for the second eight day period showed a 
slight decrease of no significance. 

Worthy of comment and of further study is the fact that most of the subjects 
maintained plasma cholesterol levels on the high butter diet which were no 
greater than those observed on their usual free choice mixed diet. Since fat 
rarely constitutes more than 45% of the caloric intake of persons on such 
diets, it seems reasonable to postulate the presence of some other factor in the 
human diet, presumably of animal origin, which acts to elevate the plasma 
cholesterol. Those groups transferred to diets providing the following 
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Fic. 11. Averages of the re changes in plasma cholesterol noted 
between day 8 and 16 for groups of medical students following an initial period of eight 


days on a diet high in butterfat and placement on diets varying in respect of the nature of 
the fat moiety as indicated in the lower left hand corner of the graph. 
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percentages of calories from butterfat and corn oil: 45: 15; 30: 30; 15: 45; 
and 0:60 respectively showed the following average individual percentage 
decreases in plasma cholesterol: 3.9, 15.9, 27.1, and 32.0. All of these changes 
except the smallest were shown to be highly significant, the P value being 
less than 0.01 in each ease. 

These results demonstrate unequivocally that corn oil does not act in 
conjunction with any factor in butterfat to raise plasma cholesterol levels. 
However, it should be noted that the effect of a diet in which 15% of the total 
calories was supplied in the form of corn oil and 45% as butterfat was 
indistinguishable from that of a ration providing 60% of the calories solely 
as butterfat. 

This experiment has not afforded any explanation for the increase in plasma 
lipid levels observed by Keys (8, 9), Hildreth et al. (6, 7), and by our own 
group (11) when dietary fat was increased by the addition of various vegetable 
oils to a ration comprising the usual variety of foodstuffs in a non-vegetarian 
diet. The possibility still remains that the vegetable oil may in that stiuation 
be acting in conjunction with some unknown substance in the mixed diet to 
increase plasma lipid levels. Another feature to be explored is the possibility 
that the protein moiety was not maintained constant and that this may have 
been responsible for the lipid changes observed. Finally it should be pointed 
out that a mixture of vegetable oils was used in these experiments and there 
is no reason to assume that all such oils act in the same manner. 


Summary and Conclusions 


The transfer of human subjects from a simple homogeneous formula diet 
in which a large percentage of the calories was supplied by corn oil to diets 
containing equicaloric amounts of butterfat, lard, beef dripping, or chicken fat 
led to increases in plasma cholesterol levels. Butterfat displayed a much 
greater effect in this regard than the other fats mentioned. 

The transition from the usual mixed free-choice diet to a simple homo- 
geneous formula diet providing 60% of calories in the form of butterfat led 
to no significant change in plasma cholesterol. However, when such a 
transition was made to a similar diet containing corn oil in place of butterfat, 
a profound and highly significant drop in plasma cholesterol occurred. This 
response was also obtained on shifting from a homogeneous formula diet provid- 
ing 60% of the calories in the form of butterfat to one containing an equicaloric 
amount of corn oil. Furthermore a progressive decrease in plasma cholesterol 
was demonstrated as increasing proportions of butterfat were replaced by 
equicaloric amounts of corn oil. 

The change from the usual mixed free-choice diet to a simple homogeneous 
diet free from fat also led to a highly significant decrease in plasma cholesterol 
but this drop was not of so great a magnitude as that observed in subjects on 
the diet high in corn oil. Furthermore the shift from the fat-free diet to 
rations containing 20 and 60% of calories in the form of corn oil was accom- 
panied by a further decrease in the plasma cholesterol which, in the case of 
the latter ration, was highly significant. 
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factor (or factors) that leads to a depression of plasma cholesterol levels and 
(2) all fats of animal origin so far tested, beef dripping, chicken fat, lard, and 
butter, contain varying amounts of a factor (or factors) that effects an increase 
in plasma cholesterol values. 


These observations permit the conclusions that (1) corn oil contains a 
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THE CAUSE OF REFLEX AFTERDISCHARGE IN THE 
FROG’S SPINAL CORD! 


By B. DELISLE BuRNS 


Abstract 


It is usually assumed that spinal reflex afterdischarge in the decerebrate or 
spinal animal is due to functional circuits of interneurons around which excitation 
can ‘‘chase its own tail’’ until fatigue brings the process to anend. This hypo- 
thesis has been tested in the frog. Reflex afterdischarge of motoneurons 
innervating the biceps femoris was produced by electrical stimulation of the 
y a wet foot. After the end of reflex stimulation, but during the after- 

ischarge, a direct single stimulus was applied to the animal's spinal cord. A 
strength of stimulus (of duration greater than five milliseconds) could always be 
found which would terminate the afterdischarge abruptly. This strong stimulus 
did not halt the afterdischarge by producing transient damage to the neurons of 
the cord, for when the stimulus was given during stimulation of the foot, there 
was no interruption of either reflex response or afterdischarge. Such experimental 
results are consistent with Forbes’ hypothesis of reverberatory circuits. 


In a decerebrate or spinal animal sensory stimulation of the extremities 
will produce a contraction of the flexor muscles which often continues for 
many seconds after the stimulus is withdrawn. Sherrington (16) ascribed this 
reflex afterdischarge to persistence of the same central excitatory state that 
was responsible for such phenomena as temporal summation. It was suggested 
about this time by Forbes (8) that the temporal dispersion of impulses arriving 
at the anterior horn cell as a result of different lengths of the central pathway 
might account for the observed persistence of central excitatory state. This 
explanation seemed rather unsatisfactory, since afterdischarges lasting five or 
six seconds had frequently been recorded; in some cases they may even last 
two minutes (13). It did not seem possible that delay pathways existed within 
the central nervous system which were of sufficient length to account for such 
a prolonged period of activity. Even when allowance was made for synaptic 
delays, pathways more than a quarter of a mile long would have to be postu- 
lated (10). Consequently, in 1929 Forbes modified his hypothesis of delay 
paths and suggested the existence of ‘‘central reverberation” or circuits of 
neurons and their interconnecting synapses, around which excitation might 
chase its own tail until fatigue brought the process toanend. This suggestion 
was taken up by Ranson and Hinsey (13) and by Lorente de No (11). The 
hypothesis has been frequently employed from 1933 until the present day in 
order to explain afterdischarges observed in many different parts of the central 
nervous system. The justification for assuming the existence of self-reexciting 
chains of neurons has rested largely on two facts: first, the hypothesis appeared 
to offer a satisfactory qualitative explanation; second, histological sections 
demonstrate such complexity of interneuronal connections that there seems 
to be a potential pathway from any chosen neuron to practically any other 
neuron in the central nervous system. Belief in the truth of this hypothesis 
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seems to have grown with repetition of its use, rather than by its exposure to 
experimental test, so that in 1939 Lorente de No says (12) “Direct proof of the 
circulation of impulses through closed chains is not as yet available but it is 
hardly necessary, because for conclusive anatomical reason enduring bombard- 
ment unavoidably requires circulation through closed chains: therefore as 
soon as the existence of bombardment has been demonstrated, circulation 
must be postulated.’’ The necessity of this postulate could only be justified 
logically if no other mechanisms for afterdischarge were conceivable. A more 
modest assessment of the hypothesis has recently been made by Bremer (2): 
“However, in spite of its histological plausibility, it is open to the objection 
that a direct oscillographic demonstration of the postulated circuits is still 
lacking. Besides, there is an unavoidable factor of subjective interpretation 
and arbitrary choice in the deduction of central wiring diagrams from stained 
sections of the grey-matter net-work.”’ 

The limitations of technique in current use make the direct demonstration 
of activity in the postulated circuits of neurons extremely difficult. _Neverthe- 
less there are some properties of self-reexciting circuits, other than that of 
producing afterdischarge, which can be predicted and tested; moreover, these 
properties are not shared with the other mechanisms which have been 
suggested as responsible for afterdischarge—the persistence of humoral 
transmitters (6) or differential repolarization (5). It can be argued on 
theoretical grounds that if self-reexcitation is occurring in a limited system of 
neurons then synchronous excitation of all the neurons within this system 
should render all simultaneously refractory and self-reexciation should stop. 
In the case of cardiac muscle, the fibrillating ventricle seems to maintain 
repeated activity of any one segment of muscle fiber because of a précess of 
self-reexcitation within the network of ventricular muscle fibers very similar 
to that postulated as responsible for afterdischarge in the central nervous 
system. It has been shown by Beck, Pritchard, and Feil (1) that a single 
strong electric shock given to the fibrillating ventricle will stop fibrillation. 
The same ‘‘test’’ has been applied to postulated circuits of self-reexciting 
neurons in the gray matter of the cerebral cortex (4). 

The experiments described below were designed in order to test the effect 
upon spinal reflex afterdischarge of a strong stimulus given direct to the 
spinal cord. Because the direct stimulus to the cord was required to excite 
all of the neurons in the cord the experiments were conducted on frogs where 
the small dimensions of the cord would present fewer technical difficulties than 
on larger animals. 


Methods 


Experiments in Which Muscle Tension Was Recorded 


In the first few experiments whose results are reported (Figs. 2 and 3), 
tension in the frog’s biceps femoris was used as an index of spinal reflex 
afterdischarge. The frogs (Rana pipiens) were first pithed (thus destroying 
the medulla and contents of the skull), a stout thread was tied tightly around 
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the neck, and then the upper jaw and skull were cut off thus exposing the 
cranial side of the foramen magnum. The frog was pinned out on a cork 
board and the distal tendon of biceps femoris cut from its insertion so that a 
thread could be attached for recording the contractions of the muscles on a 
smoked drum (3). Bipolar electrodes were applied to the ipsilateral foot and 
connected to a stimulator capable of delivering trains of stimuli at 60/sec. 
In order to give direct stimuli to the spinal cord two electrodes made from 
short lengths of 2 mm. diameter copper wire, insulated to the tip, were inserted 
into the vertebral canal. The caudal electrode was inserted through the joint 
of the urostyle and vertebral column; the rostral electrode was pushed through 
the foramen magnum until its tip lay at the level of the caudal margin of the 
scapulae. This procedure destroys the cord down to the level of the fourth 
vertebra. The direct stimuli given to the cord consisted of condenser dis- 
charges with a time constant of two-milliseconds and a peak charge which was 
variable between 0 and 475 v. 


The method described above provides a simple way of demonstrating some 
of the results described below but has a number of disadvantages: 


(a) An afterdischarge must be of relatively long duration if it is to be 
recorded satisfactorily from tension measurements. Only about one- 


third of the frogs tested were capable of giving records such as those 
of Fig. 2. 


(b) If the recording needle tends to stick upon the drum at all, an apparent 
afterdischarge may be recorded; because the direct shocks given to the 
cord cause a sudden contraction of every muscle in the frog, a writing 
lever which is stuck may become disloged. For this reason excellent 
and most misleading records of afterdischarge and its arrest by direct 
excitation of the cord can be obtained. 


(c) Currents from the condenser discharge which were adequate to arrest 
afterdischarge sometimes caused permanent trauma of central neurons 
owing to the “‘long tail” of the condenser discharge. 


(d) Insertion of the electrode through the foramen magnum was liable to 
injure the blood supply to the caudal segments of cord. 


For these reasons the final experiments were performed in a slightly more 
complex manner. Reflex response and afterdischarge were recorded in terms 
of the activity of motor units in the biceps femoris. A pair of fine, twisted, 
varnished nichrome wire electrodes were pushed into the body of the muscle. 
Because the insulated nichrome flex had been cut obliquely across the end, 
localized action potentials were picked up from muscle fibers belonging to 
only a few motor units. The action potentials were amplified with a resist- 
ance-capacity coupled system, set to a time constant of 10 msec., and then 
recorded from an oscillograph upon moving film. By manual adjustment of 
the electrodes’ position within the muscle it was always possible to locate 
units which gave afterdischarges lasting one or two seconds. Bipolar electrodes 
were applied to the ipsilateral foot for reflex stimulation. The sensory 
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Fic. 1. Diagram illustrating a reverberatory circuit within the spinal cord and the 


means used to excite its neurons. 


stimulation usually consisted of a train of 20 or 30 stimuli (each of one-milli- 
second duration) at 30/sec. The strength of the stimuli was adjusted so as 
to give a satisfactory afterdischarge. These stimuli were transformer-coupled 
and ‘floating’ with respect to the mean potential of the frog, so that there was 
no risk of current spread in a direction that might excite the fibers of biceps 
femoris directly. The spinal cord of the frog was transected at the level of 
the lower border of the scapula and to ensure satisfactory oxygen supply to 
the distal segments oxygen with 3% carbon dioxide previously saturated with 
water vapor was blown through the vertebral canal from an 18 gauge needle 
inserted just above the urostyle. Direct excitation of the isolated caudal 
segments of cord was achieved by passing current from a metal plate making 
diffuse contact with the animal’s ventral skin to a cotton-wool electrode 
soaked in Ringer’s solution and placed over the vertebral column (Fig. 1). 
Direct stimuli consisted of single shocks of constant current from an electronic 
stimulator. Current was variable from 0to35 ma., while duration of the shock 
was variable between 0 and 15 msec. The dorsal electrode made contact 
with the back of the frog over an area of approximately 1 cm.?, so that a 
30 ma. shock must have provided a peak current density through the spinal 
cord which was of the order of 300 wa./mm?. Stimuli were timed and counted 
by electronic circuits. 

In order to maintain constancy of reflex response over a period of hours the 
skin of the frog was periodically moistened with a throat-spray. 


Results 


Experiments in Which Tension of the Biceps Femoris Was Recorded 


Approximately one-third of the frogs, prepared by the methods already 
described, would produce tension records indicating an unquestionable 
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Fic. 2. Responses of the frog’s biceps femoris muscle to reflex excitation. Upper 
tracing records isotonic contraction of the muscle. Middle tracing (C) indicates brief 
single direct excitation of the cord. Lower tracing (F) shows period of stimulation of 
ipsilateral foot at 60/sec. Strength of direct stimulus in b was 30 v.; in c was 60 v. 
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Fic. 3. Responses of the frog’s biceps femoris muscle to various excitations of spinal 
motoneurons. (a) Isotonic contraction of the muscle in response to stimulation of the 
ipsilateral foot at 60/sec. during period F. (6) As in (a) but with addition of single 
direct stimulus to spinal cord at C. (c), (d), (e), and (f). The response of the muscle to 
single direct stimuli to the cord of strengths 20 v., 30 v., 40 v., and 50 v. respectively. 


afterdischarge following reflex excitation of the biceps femoris (Figs. 2a and 
3a). The procedure followed was to stimulate the skin of the ipsilateral foot 
at 60/sec. for about one second; during the afterdischarge which followed this 
reflex excitation a single shock was given direct to the spinal cord with the 
intention of exciting every neuron within the cord simultaneously. A 
strength for direct excitation of the spinal cord could always be found which, 
given during the afterdischarge, would bring this activity to an abrupt end 
(Figs. 2c and 36). A direct shock to the spinal cord which was not of sufficient 
strength to halt the afterdischarge would either leave the afterdischarge 
unaltered or prolong it (Fig. 2b). When direct single stimuli alone were given 
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to the spinal cord, without any preceding reflex excitation of the foot, they 
also sometimes caused afterdischarge. Although relatively weak direct 
stimuli would cause a twitch of the biceps femoris followed by afterdischarge 
(Fig. 3c, d, and e) a stimulus strength could always be found which caused an 


abrupt twitch only, with no sign of residual activity of the motoneurons 
(Fig. 3f). 


Records of the Electrical Activity of Motor Units from Biceps Femoris 


A simple way of recording the electrical activity of one or a few motor 
units is to push the bared ends of a twisted flex of fine, varnished nichrome 
wire into the belly of the muscle. This method had the advantage that 
experiments could be carried out with muscles whose afterdischarge was not 
great enough to show clearly when contraction was recorded on a smoked 
drum. Although the duration of afterdischarge in most of the motor units 
of such a muscle was short, it was always possible to find a few ‘‘sensitive”’ 
motor units which gave a second or two of afterdischarge following reflex 
excitation of the skin by stimulation of the ipsilateral foot. Stimuli to the 
foot were usually given at 30/sec. and the number of stimuli was set to be 
that giving the greatest duration of afterdischarge. The optimal duration of 





Fic. 4. Electrical responses of a motor unit within biceps femoris of the frog to various 
forms of excitation. 


(a) Indicates period of reflex excitation of the ipsilateral foot with 20 stimuli at 30/sec. 
applicable to records (b), (c), and (d). 
(b) Shows the response to reflex excitation alone. 


(c) Reflex excitation of the foot as in (b) is followed by a direct shock to the cord of 
30 ma. X 0.95 msec. 


(d) As in (c) but direct stimulus increased to 30 ma. X 7 msec. 
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Fic. 5. Electrical responses of a motor unit within biceps femoris of the frog to 
various forms of excitation. (a) Indicates period of reflex excitation of the ipsilateral 
foot with 20 stimuli at 30/sec. applicable to records (b), (c), and (d). 

(b) Shows response to reflex excitation alone. 

(c) Reflex excitation of the foot as in (b) is followed by a direct shock to the cord of 
30 ma. X 7 msec. 

(d) The same direct stimulus to the cord of 30 ma. X 7 msec. is given during reflex 
excitation of the foot. 


reflex stimulation was usually around one second. It was found that a direct 
shock to the spinal cord at any period during the reflex afterdischarge was 
capable of stopping this discharge permanently. The strengths of direct 
stimulus necessary to halt an afterdischarge were very variable from experi- 
ment to experiment, but all lay between 10 and 35 ma. (It has already been 
pointed out that with the electrode system used a strength of 10 ma. would 
imply a current density in the cord of the order of 100 wa./mm.?). To be 
effective the direct stimulus to the cord required a duration greater than five 
milliseconds. With the available stimulator, the maximum output of which 
was 40 ma., it proved impossible to halt afterdischarges when the stimulus 
duration was set to two milliseconds. These facts are illustrated in Fig. 4. 
The period of reflex excitation of the skin of the foot with 20 stimuli at 30/sec. 
is indicated in Fig. 4a. Fig. 4b shows the records obtained from biceps femoris 
during and after this reflex stimulation. In Fig. 4c, reflex excitation of the 
foot was repeated, but directly this was over a direct shock was given to the 
cord of 30 ma. X 0.95 msec. This direct shock failed to prevent the 
afterdischarge. In the test of Fig. 4d the duration of the direct shock was 
increased to seven milliseconds and this stimulus brought the afterdischarge 
to an abrupt end. 
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The results described above could be explained if it were assumed that 
direct excitation of the cord caused a transient injury to the spinal neurons, 
which lasted several seconds. If this were so, however, a direct shock of 
sufficient strength to stop an afterdischarge should also be capable of prevent- 
ing the immediate response to reflex excitation. The experiment of Fig. 5 is 
concerned with this point. Fig. 5a indicates the period of reflex excitation of 
the foot with 20 stimuli at 30/sec. Fig. 5b shows the reflex response to 
stimulation of the foot alone, followed by an afterdischarge lasting about 
one and one-half seconds. In the test of Fig. 5c the afterdischarge was 
stopped by a direct stimulus to the cord of 30ma. X 7 msec. which was given 
immediately after the end of the reflex excitation. In the experiment of 
Fig. 5d a direct stimulus of the same parameters as that used in Fig. 5c was 
given during the reflex stimulation of the foot. In such experiments the 
direct stimulus does not interrupt the reflex response for more than the 30 
msec. during which the record is disturbed by artefact. Moreover, the 
addition of the direct shock to the reflex excitation usually prolongs the 
afterdischarge. 


Discussion 


The results of these experiments make it clear that a brief but strong 
stimulus applied to spinal neurons is capable of bringing an afterdischarge to 
an abrupt end. It is difficult to estimate accurately the threshold current 
density required to produce this effect but it must be of the order of 20 wa./mm.* 
when the stimulus duration is about five milliseconds. If spinal reflex after- 
discharge is really due to self-reexcitation among interneurons, then it is not 
surprising that stimuli of great strength and duration are required to stop it. 
Reverberatory circuits of the type envisaged by Forbes (9) will only be put 
out of action if all of their component parts are excited, and therefore made 
refractory, simultaneously. It is probable that some of the processes of the 
interneurons involved in the circuit of excitation are extremely slender, and 
experience with peripheral nerves shows that the quantity of electricity 
necessary to excite increases with decrease of neuronal diameter (7, 15). 
Moreover, if direct excitation of the cord is to excite every part of every 
interneuron then it must be adequate to excite nerve processes running in all 
directions relative to the current flow; those processes which run almost 
perpendicular to the lines of current flow will be exceptionally hard to 
excite (14). 

Weak direct stimuli to the spinal cord have no effect upon the afterdischarge 
at all; they may even prolong it slightly as is shown in Figs. 2and 5. Stronger 
shocks may halt an afterdischarge temporarily so that the discharge builds 
up again after an interval of one-half to one second. With the direct stimuli 
of seven milliseconds’ duration which were used in most of our experiments, 
a current strength could always be found which would bring the afterdischarge 
toa permanent end. The temporary interruption of afterdischarge by stimuli 
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to the cord of intermediate strength can be explained by assuming that the 
direct stimulus is only adequate to excite those interneurons in the immediate 
vicinity of the motor nucleus of biceps femoris. The ultimate return of 
afterdischarge would, on this view, then be due to reinvasion of these local 
reverberatory circuits from active nerve cells which were beyond the reach 
of the direct stimulus to the cord. A similar interpretation has been given to 
explain similar observations in the cerebral cortex of the cat (4). 
Afterdischarge can occur as a result of the persistence of a humoral trans- 
mitter (6); the mechanism of differential repolarization has also been used to 
explain afterdischarges in various parts of the nervous system (5). It is hard 
to see why a direct strong shock to the cord should halt an afterdischarge due 
to either of these mechanisms. There remains the possibility that direct 
excitation of spinal neurons in some way creates more central inhibitory state 
(c.i.s.) than it does central excitatory state; this preponderance of c.i.s. would 
then be responsible for stopping all further activity of motoneurons. This 
seems unlikely, however, for a strong stimulus to the cord which is adequate 
to halt an afterdischarge produces only a very brief interruption of the 
immediate reflex response of motoneurons during sensory stimulation (Fig. 5). 
The results of those experiments with the frog that we have reported seem 
to be entirely consistent with the supposition that spinal reflex afterdischarge 
is maintained by self-reexcitation among interneurons. Similar tests of 
Forbes’ hypothesis should be possible with other small animals such as the 
mouse and rat; there is no theoretical reason why they should not be 
attempted in the cat, although they would certainly prove expensive in current. 


Summary 


1. Experiments were performed with frogs in which all of the central 
nervous system except three or four caudal segments of the spinal cord had 
been destroyed. 

2. The reflex afterdischarge of those motoneurons supplying the biceps 
femoris muscle was recorded, following electrical stimulation of the ipsilateral 
foot. 

3. This afterdischarge could be terminated abruptly by the application, 
after the end of .reflex excitation, of a single strong direct stimulus to the 
spinal cord. 

4. An identical direct stimulus to the spinal cord during stimulation of the 
foot produced no change in either reflex response or afterdischarge. 

5. It is claimed that these results support the hypothesis that spinal reflex 
afterdischarge is maintained by self-reexcitation among interneurons. 
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A THEORETICAL TREATMENT OF GLUCOSE 
REABSORPTION IN THE KIDNEY! 


By A. S. V. BURGEN 


Abstract 


The equations for solute reabsorption in the proximal kidney tubule are 
derived, assuming Michaelis-Menten type kinetjcs and linear water reabsorp- 
tion. Application of the equations to glucose shows that the transport system 
has a high affinity for glucose, being half saturated at less than 5 mgm./100 ml. 
Most of the departure from ideal behavior of the human glucose saturation 
curve cannot be attributed to an unsaturated transport system. A dispersal 
of tubule absorptive capacity in a log-normal distribution can account for the 
curvature of the saturation curve. 


Introduction 


The reabsorption of a solute such as glucose in the proximal tubule of the 
kidney presents a relatively simple situation for kinetic treatment. 

As a result of the classical micropuncture studies of Wearn, Richards, 
Walker, Oliver, and their co-workers (8, 9, 10, summary in 6), it is reasonably 
well established that the tubular fluid remains approximately isosmotic with 
the plasma along the whole proximal tubule in Rana and Necturus, and at 
least in the first half of the tubule in the rat and guinea pig. In addition it 
seems likely that reabsorption of glucose is an exclusive property of the 
proximal tubule so that any glucose appearing at the end of the proximal 
tubule is excreted in the urine without further loss. 

Shannon and Fisher (5) in interpreting the reabsorption curves for glucose 
in the dog came to the conclusion that the transport of glucose was mediated 
by a saturated transport mechanism. Whilst this assumption may be a 
good first approximation, such a system would not be expected to remain 
saturated at very low substrate concentrations and, needless to say, when 
virtually complete reabsorption of glucose occurs the concentration in the 
tubule must fall to very low levels. It is therefore necessary to attempt to 
define the affinity constant of this transport system for glucose and take into 
account the fact that changes in the luminal concentration of the solute will 
occur from two causes, viz. solute reabsorption and solvent reabsorption. 

In this paper the equations for this system will be defined and compared 
with data from experiments reported in the literature to see how far the 
assumptions made can be validated. 


Basic Assumptions 
Certain fundamental assumptions have been made about the proximal 
tubule. 
(a) It is uniform in its properties from the proximal to distal end. With 
the exception of the short juxtaglomerular region, anatomical evidence seems 


1 Manuscript received December 1, 1955. 
Contribution from the Department of Physiology, McGill University, Montreal, Quebec. 
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to favor this. The assumption of uniformity will include a constant cross- 
sectional area, and a constant amount of solute transporting system per unit 
length. 

(b) The rate of water reabsorption is constant per unit length of the tubule. 
This is supported by the micropuncture studies and would be expected from 
the approximately isosmotic nature of proximal tubular fluid and assumption 
(a). 

(c) The active transfer process occurs at the luminal face of the cell and 
the concentration of glucose in the cell is in approximate diffusional equilibrium 
with that in the blood. While this assumption has not been tested for the 
kidney and glucose directly, there are a number of analogous situations. The 
kidney tubule cell does not concentrate phenol red within itself when actively 
transporting this substance (2), the oxyntic cells of tlfe stomach produce acid 
without the interior of the cells becoming significantly acid (3), and finally 
the salivary glands secrete a saliva low in certain non-electrolytes when 
maintaining intracellularly the same concentration as in the blood (1). Many 
other examples could be quoted supporting the plausibility of this assumption. 


(d) The changes in the concentration of the solute to be considered in the 
blood perfusing the tubule can be ignored. A simple calculation will show 
this change to be very small. 

At the end of the proximal tubule operating with a full load of glucose (i.e. 
plasma level at threshold) approximately 4% of the plasma water perfusing 
the glomerulus will remain in the tubule lumen (i.e. 20% of the GFR which in 
turn is 20% of the RPF? in man) but none of the glucose will remain. The 
plasma perfusing the lower end of the proximal tubule will therefore have 
about 4% more glucose than the plasma in the afferent arteriole of the 
glomerulus if no other change were to occur. However, it seems highly 
improbable that this ideal situation is likely to exist; utilization of blood 
glucose by the tubule as a metabolic substrate renders the venous plasma 
concentration at this site quite problematic. 

(e) The perturbation of the pattern of water reabsorption in the proximal 
tubule due to the osmotic effect of unabsorbed glucose at values up to 
L/T, = 1.5 may be ignored. The error introduced is slight. The osmotic 
increments due to the unabsorbed glucose at this load would be approximately 
30 milliosmols per liter—thus the reabsorbed water would not be reduced by 
more than 10%. 

(f) The kidney consists of an array of identical nephrons. This idea will 
be dealt with more fully later and may for the present be considered as a 
simplifying assumption. 

(g) The activity of the transport system with respect to concentration of 
substrate can be described by a mass action equation of the kind used by 
Michaelis and Menten (4) in studies of enzyme kinetics. 


?RPF = renal plasma flow. 
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Derivation of Transfer Equations 


The Michaelis-Menten equation relating substrate concentration to reaction 
velocity may be written for the tubule as follows 
[1] dQ = C Tm R 

dt C+Kr 

where dQ/dt = rate of solute transfer, T,, = tubular maximum, C = ambient 
solute concentration in the tubule lumen, K 7, = affinity constant of transport 
system for the solute*. The value of K 7 may be conveniently found by finding 
the concentration at which dQ/dt = T,,/2. At this point C = Kr, ie. Kr 
is that concentration at which transfer occurs at one half the maximum rate. 

Now consider the rate of glucose reabsorption at any point L in a tubule of 
unit length through which tubular urine is flowing at a constant rate. 

The concentration of solute at point L is given by 


— 
(2] ow. 








(Q: = residual amount of solute passing point L per minute, Wy) = GFR,‘ 
W = amount of water reabsorbed in the whole tubule). Now consider 
absorption of solute in a tubule segment of length 6 L stretching from L to 
L + 6L. In the steady state the rate of absorption per unit time will be 
given by 





ee oo 
6 QO: 7 ee Hi. 
8Q_ _ Cx. Tn 
6L 0 Ci + Kr’ 
3 jim 40x Cr Tm 
mae Ci + Kr 
Substituting equation [2] into equation [3] we obtain 
[4] dQ ban cate Se = 
dL Q.+Kr(Wo— W.L) 


This is a first-order equation of the first degree in Q, and L describing the rate 
of absorption of solute at any point in the tubule. 


Solving by the usual methods gives 
s) L = G-—— és 7) (2) ncaa Qu 4+ Wo 
i-ic.0 07% f-iew’ w 


where Qo = amount of solute filtered. This equation describes the amount 
of unabsorbed solute passing any point in the tubule in unit time. It may 
be converted into an equation in C, and L by substituting equation [2]: 


*As with affinity constants for enzymes, the lower the value of Kr the higher the affinity of the 
tubule for the substrate. 
‘GFR = glomerular filtration rate. 
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(Co = concentration in the glomerular filtrate). This equation defines the 
concentration of solute at any point in the tubule. The amount of solute 
excreted is given by solution of equation [5] for LZ = 1. No way has been 
found of solving equation [4] for Qz explicitly in terms of ZL and the amount 
excreted (denoted by @) must therefore be found by interpolation. The 
following values have been used for computing from these equations: 


Tm = 350 mgm./min.; Wo = GFR = 120 ml./min., W = 90 ml./min., i.e. 
75% of GFR. 


Computed Results 


Fig. 1 shows the relationship between C, and dQ/dZ for various values of 
Kr computed from equation [1]. It can be seen that for dQ/dL to remain 
independent of C down to C = 1 mgm./100 ml., i.e., 1% of the normal blood 
level, Kr must be much lower than 1. 
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Fic. 1. Relationship between substrate concentration (abscissa) and rate of absorption 
(ordinate = mgm./min.) for different values of affinity constant. 








470 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 34, 1956 


al 





300 


200 


100 











Fic. 2. Concentration changes in the proximal tubule for filtered concentration of 100, 
200, 300 mgm./100 ml. and affinity constants of 0 (continuous line), 10 (@), 50 (O), 
and 100 (X. 


Ordinate: mgm./100 m!. Abscissa: fractional distance down proximal tubule. 


Figs. 2 and 3 show the changes to be expected in the concentration of 
glucose in the proxi:mal tubule, and the rate of absorption along the tubule for 
three values of blood glucose 100, 200, and 300 mgm./100 ml. and for several 
values of Ky. Values of Kr less than 2 produce only small deviations from 
the ideal curves. Notice with Kr = 100 Cy = 300 that the absorption of 
glucose lags behind that of water so that the concentration increases slightly 
with progress along the tubule as compared with the rapid fall off in 
concentration for the ideal system Kr = 0. 


As would be expected, the amount of unabsorbed glucose at the end of the 


proximal tubule is increased by a decrease in affinity of the transfer system. 
This can be seen most clearly in Fig. 4. 


Discussion 


In order to compare the results of the theoretically derived results with the 
experimental results given by Shannon and Fisher and Smith e al. (5, 7) 
it is useful to plot the results as 7/T,, against L/T,, (Fig. 5) (T = tubular 
reabsorption, L = load presented to the tubule). 
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Fic. 3. Rate of reabsorption of glucose in the proximal tubule for Kr = 10, 100 and 
Qo = 120, 240, 360. 
Ordinate: mgm./min. Abscissa: fractional distance down tubule. 


Shannon and Fisher's results certainly imply that Kr « 10 but it would 
be difficult to arrive at any precise figure in this range. . The curve of Smith 
et al. averaged from a number of glucose titrations in man is shown in Fig. 5. 
The shape of the curve is not the same as the theoretical curve. The differences 
between the theoretical and experimental curves can be seen in a more 
satisfactory way if we plot the deviations from ideal behavor against L/T ». 
The ordinate is now T/T,,(ideal, ie. Kr = 0) — T/T.(found). 

These curves (Fig. 6) show very delicately the kind of deviation from ideal 
behavior found. The experimental curve up to L/T, = 1 is very similar to 
the theoretical curves in shape and would correspond to Kz ~ 30. But when 
L/T,, > 1 the deviations of the experimental curve fall off much more rapidly 
than the theoretical curves so that at L/T, = 1.4, the deviation is only 
equivalent to Kr ~ 1. 


These curves make it clear that the major source of non-ideal behavior in 
the human experimental curve is not attributable to a low affinity of the 
transporting system for glucose and suggest that for both man and dog 
Kr < 5 mgm./100 ml. (i.e. < 2.5 & 107 M). 
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Fic. 4. Amount of unabsorbed glucose as a function of the amount filtered. 
Kr = 0 (continuous line), 10 (X), 50 (O), 100 (0), 200 (A). 
Ordinate: glucose excreted in mgm./min. Abscissa: glucose filtered. 





This value implies a very efficient transport system with an affinity for its 
substrate excelled by relatively few enzymes. Shannon's conclusion that the 
transport system is effectively saturated is certainly justified in the dog and 
also in man. 

The cause of the curvature of the human saturation curve must be looked 
for elsewhere. One possible explanation is that assumption (f) is inadequate 
in that the human kidney represents a family of tubules each of which behaves 
ideally but whose 7, values are distributed in a Gaussian manner. The 
simplest way of imagining this might be tubules whose absorptive capacity 
per unit length was constant but whose individual lengths were statistically 
dispersed. Since length in biological systems is in general distributed in a 
log-normal manner we calculated 

T/T,,(ideal) — T/T,,(experimental) 
for this distribution (Fig. 7). The correspondence with the experimental 
curves is good, these being equivalent to a dispersion produced by 95°% of the 
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Fic. 5. Reabsorption as a function of load. 

Kr = 0 (solid line), 10 (@), 50 (0), 100 (O), 200 (x). 
Mean data of Smith et al. (10), dotted line. 

Ordinate: glucose reabsorbed/tubular maximum. 
Abscissa: glucose filtered/tubular maximum. 
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Fic. 7. Deviation from ideal proximal tubule reabsorption expected .as a result of 


tubule length variation. 


O-O = 95% of tubules between 69-144% of mean length. 
A - A = 95% of tubules between 57.5-174% of mean length. 
@ - @ = Mean data of Smith ef al. (10). 


tubules being in the range of 61-165% of the median length. Smith et al. (7) 
using a normal distribution obtained a poorer fit than we have with the log- 
normal distribution. Our evidence supports theirs that the most probable 
source of curvature in the glucose titration curve in man is a statistical 
dispersion of tubule characteristics. | Presumably the tubule dispersion is 
much smaller in the dog. 
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THE EFFECT OF PITRESSIN ON THE RENAL RESPONSE 
TO SALT LOADING IN THE RAT! 


By SypNEY M. FrIepMAN, W. A. WEBBER, AND CONSTANCE L. FRIEDMAN 


Abstract 


The effect of Pitressin on the renal response to a salt load was studied in 
normotensive and hypertensive rats. Hypertension was induced by DCA, 
Compound F, or renal compression. Renal function under load was studied by 
administering inulin together with a salt load. The effect of 2 1.U. of Pitressin 
given subcutaneously was studied at two periods, 45 min. and three hours after 
injection. The first phase of Pitressin action was characterized, as before, by 
an increase in the excretion of sodium and water. While this was qualitatively 
similar in all experiments, the degree of response varied greatly, being least 
evident in rats with Compound F hypertension. The date indicate that a large 
increase in excretion involves a decrease in the tubular reabsorption of sodium 
and water. The second phase of Pitressin action was characterized, as before, 
by conspicuous sodium and water retention. This retention can be explained as 
a reflection of changes in the filtered load which might in turn be due to a change 
in renal hemodynamics or to a minor decrease in plasma sodium and water. 


Several groups of investigators have recently emphasized the possibility, 
first suggested by Braun-Menendez (1), that a disturbance in the metabolism 
of sodium and water may be of fundamental importance in hypertensive 
processes. Thus, Tobian and Binion (14) have observed an increase in the 
sodium content of arterial smooth muscle in hypertension of both hormonal 
and renal origin. Ledingham (10, 11) also has observed alterations in sodium 
distribution in various types of experimental hypertension. Such changes as 
these are undoubtedly related to the fact that a disturbance in sodium 
‘tolerance’ is common in a wide variety of experimental forms of hypertension 
(3,5). The disturbance may be elicited at any stage of the disease although 
it tends to be masked in later or more chronic forms. 

This emphasis on salt and water metabolism in hypertension makes it of 
more than academic interest that Pitressin, which as Verney (15) has so 
beautifully shown, is concerned with osmotic pressure regulation, is capable of 
reducing blood pressure in diverse forms of experimental hypertension (4). 
This observation led us to examine in detail the actions of large doses of the 
extract. These ‘large’ doses do not exceed the potential secretion of the 
pituitary im situ as indicated by the recent studies of Dicker and Ginsburg (2) 
and of Lloyd and Pierog (12). 

The blood pressure of both normal and hypertensive rats responds to large 
doses of Pitressin in a biphasic manner. The first phase is characterized by 
elevation, the second, occurring later and prolonged in time, by depression of 
the blood pressure. The two phases are quite independent in degree. The 
physiological evidence at present suggests that these actions are due to 
separate principles in the extract. 

: 1Manuscript received November 29, 1955. 
Contribution from the Department of Anatomy, The University of British Columbia, Vancouver, 


British Columbia. This work was carried out with the aid of a grant from the National Research 
Council of Canada. 
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Fic. 7. Deviation from ideal proximal tubule reabsorption expected .as a result of 


tubule length variation. 


O-O = 95% of tubules between 69-144% of mean length. 
A - A = 95% of tubules between 57.5-174% of mean length. 
@ - @ = Mean data of Smith et al. (10). 


tubules being in the range of 61-165% of the median length. Smith et al. (7) 
using a normal distribution obtained a poorer fit than we have with the log- 
normal distribution. Our evidence supports theirs that the most probable 
source of curvature in the glucose titration curve in man is a statistical 
dispersion of tubule characteristics. | Presumably the tubule dispersion is 
much smaller in the dog. 
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THE EFFECT OF PITRESSIN ON THE RENAL RESPONSE 
TO SALT LOADING IN THE RAT! 


By SypDNEY M. FRIEDMAN, W. A. WEBBER, AND CONSTANCE L. FRIEDMAN 


Abstract 


The effect of Pitressin on the renal response to a salt load was studied in 
normotensive and hypertensive rats. Hypertension was induced by DCA, 
Compound F, or renal compression. Renal function under load was studied by 
administering inulin together with a salt load. The effect of 2 I.U. of Pitressin 
given subcutaneously was studied at two periods, 45 min. and three hours after 
injection. The first phase of Pitressin action was characterized, as before, by 
an increase in the excretion of sodium and water. While this was qualitatively 
similar in all experiments, the degree of response varied greatly, being least 
evident in rats with Compound F hypertension. The date indicate that a large 
increase in excretion involves a decrease in the tubular reabsorption of sodium 
and water. The second phase of Pitressin action was characterized, as before, 
by conspicuous sodium and water retention. This retention can be explained as 
a reflection of changes in the filtered load which might in turn be due to a change 
in renal hemodynamics or to a minor decrease in plasma sodium and water. 


Several groups of investigators have recently emphasized the possibility, 
first suggested by Braun-Menendez (1), that a disturbance in the metabolism 
of sodium and water may be of fundamental importance in hypertensive 
processes. Thus, Tobian and Binion (14) have observed an increase in the 
sodium content of arterial smooth muscle in hypertension of both hormonal 
and renal origin. Ledingham (10, 11) also has observed alterations in sodium 
distribution in various types of experimental hypertension. Such changes as 
these are undoubtedly related to the fact that a disturbance in sodium 
‘tolerance’ is common in a wide variety of experimental forms of hypertension 
(3, 5). The disturbance may be elicited at any stage of the disease although 
it tends to be masked in later or more chronic forms. 

This emphasis on salt and water metabolism in hypertension makes it of 
more than academic interest that Pitressin, which as Verney (15) has so 
beautifully shown, is concerned with osmotic pressure regulation, is capable of 
reducing blood pressure in diverse forms of experimental hypertension (4). 
This observation led us to examine in detail the actions of large doses of the 
extract. These ‘large’ doses do not exceed the potential secretion of the 
pituitary in situ as indicated by the recent studies of Dicker and Ginsburg (2) 
and of Lloyd and Pierog (12). 

The blood pressure of both normal and hypertensive rats responds to large 
doses of Pitressin in a biphasic manner. The first phase is characterized by 
elevation, the second, occurring later and prolonged in time, by depression of 
the blood pressure. The two phases are quite independent in degree. The 
physiological evidence at present suggests that these actions are due to 
separate principles in the extract. 


1Manuscript received November 29, 1955. 

Contribution from the Department of Anatomy, The University of British Columbia, Vancouver, 
British Columbia. This work was carried out with the aid of a grant from the National Research 
Council of Canada. 
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A similar biphasic response with similar time relations can be demonstrated 
both with and without loading in the renal excretion of sodium and water 
(6,7). In the first phase there is a heightened excretion of sodium and water, 
in the second both are excessively retained. Again, there is an apparent 
dissociation between the two phases suggesting the operation of separate 
principles. 

These findings have emphasized the need for an assessment of the renal 
implication in the excretory response. As Selkurt (13) has pointed out, this 
information is crucial to our understanding of the action of Pitressin. The 
present report is concerned with this study. The findings suggest that the 
renal involvement is secondary to extrarenal shifts in sodium and water. 


Methods 


Male albino rats of an inbred Wistar strain were used throughout. All 
(unless otherwise noted) were uninephrectomized at least eight weeks prior to 
renal function studies. The renal handling of sodium and water under salt 
load was studied in each experiment by measuring the urine flow, glomerular 
filtration rate (GFR=Cyx), and the concentration of sodium in the plasma 
and urine and in each case the early and late effects of Pitressin on these 
were observed. 

For each experiment one group of eight animals served as control while a 
similar group received 2 I.U. of Pitressin (Parke, Davis) in 0.5 cc. of saline 
subcutaneously. The blood pressure average of the two groups was matched 
by selection from larger groups two days prior to testing. For this the femoral 
artery was cannulated under light ether anesthesia with a 22 gauge needle 
coupled through a Sanborn electromanometer to a direct writing recorder. 

Hypertension, as required, was produced in a preliminary phase of prepara- 
tion by desoxycorticosterone acetate (DCA), by 17-hydroxycorticosterone 
acetate (Compound F), or by renal compression. DCA was injected sub- 
cutaneously, 40 mgm. in a microcrystalline suspension being given in four 
equally divided doses over a two week period followed by the implantation, 
in the fourth week, of a 25 mgm. pellet. Saline 1% was substituted for 
drinking water during the first four weeks. Studies were carried out after 
8 to 10 weeks of treatment. Compound F was given by daily subcutaneous 
injection of a microcrystalline suspension, 0.75 mgm. on the first day, 1.5 
mgm. on the second day, and 3.0 mgm. per day for a further 28 days. Studies 
were carried out between the 28th and 32nd days. Renal compression was 
carried out by the method of Grollman (9), studies being carried out three 
months after operation. 

Renal function under load was tested by injecting intraperitoneally 4 cc. of 
water containing 100 mgm. of sodium chloridewith 80 mgm. of inulin according 
to the method previously described (3). The bladder was drained just prior 
to injection and again after 50 min. of urine collection. A blood sample was 
obtained by cardiac puncture in the 51st min. Cyy was calculated as usual 
(8) and presumably indicates the average GFR for the 50 min. following 
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loading. Sodium in both plasma and urine was determined with a Beckman 
Model B flame photometer. The 50 min. test period embraces the period 
immediately preceding peak response. The load of sodium presented to the 
tubules was calculated as Ciy X Na(plasma). The effectiveness of tubular 
reabsorption was assessed by calculating the percentage of the load appearing 
in the urine. Each datum was separately calculated for individual animals; 
these were grouped to obtain average values. Standard error was calculated 


from the formula Nae a . The comparison of means followed Fisher's 
n(n — 
procedures and tables. 
Experiment 1. The Effect of Pitressin on the Renal Handling of Sodium and 
Water in Normotensive Rats 


In the first part of the experiment, renal function was studied under load 
45 min. after the administration of Pitressin to the test group. One week 
later the procedure was repeated, the test being carried out three hours after 
the injection of Pitressin. The two times selected were intended to cover the 
two phases of Pitressin action previously demonstrated. Table I presents 
the findings. 

As previously reported, in the early phase of Pitressin action there is an 
increase in the urinary excretion both of sodium and of water while, in the 
delayed phase, the reverse obtains. In the normotensive animal these initial 
increases occur despite a diminution in the glomerular filtration rate. This 
can only be accomplished, as the calculation shows, by a highly significant 
decrease in the tubular reabsorption of sodium and water. The retention in 
the later phase can be accounted for by a simple reduction in filtered load. 
This latter statement does not exclude a tubular element not detected by this 
relatively gross method. 


TABLE I 


THE BIPHASIC EFFECT OF PITRESSIN ON THE RENAL HANDLING OF 
A SALT LOAD IN NORMOTENSIVE RATS 


Experiment 1A Experiment 1B 


Pitressin Pitressin 


Treatment Control + 45 min. Control + 180 min. 
Average wt., gm. 287 - | 287 + 13 294 - * 285 + 9 
Cix, cc./min./100 cm.2 0.20 + 0.03 O.11 + 0.02 0.17 + 0.03 0.12 + 0.03 
p <0.02 
Plasma Na, meq. /1. 149 + 2 153 * 3 155 + 2 155 & 3 
Urine volume, pl. /min./100 cm.? 4.1 + 0.4 5.5 + 0.6 5.3 = 0.8 3.8 + 0.5 
Na excretion, yweq./min./100 cm.? 1.37 + 0.16 1.52 + 0.17 1.76 + 0.13 1.21 + 0.19 
p <0.02 
Filtered Na load, weq./min./100cm.2 29.6 + 5.4 16.1 + 1.7 wa... = 3 17.8 + 4.5 
p> <0.05 
Na excretion, % of load 58 + 04 8.4 2 2.5 7.4 + 1.8 9.5 + 1.8 
p<0.01 
Urine Na concentration, weq./cc. 329 + 294 + 38 373 54 357 + 59 
Blood pressure, mm.Hg 
Systolic 127 a 119 + 3 123 > § 120 - 
Diastolic 89 + 3 82 + 3 x4 + 6 82 * 2 
Mean 106 + 3 99 % 101 = 5 99 + § 


No. of animals 8 8 “é . 
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Experiment 2. The Effect of Pitressin on the Renal Handling of Sodium and 

Water in DCA-induced Hypertension 

Renal function tests were carried out exactly as in Experiment 1 and with 
the same time intervals after Pitressin. Table II presents the findings. 

The responses of DCA-hypertensive rats to Pitressin are entirely similar 
qualitatively to those noted in normotensive animals. The increase in the 
excretion of sodium and water occurring in the first phase of Pitressin action 
is clearly referable, as before, to a diminished rate of tubular reabsorption. 
The retention phase, as in the previous experiment, could be partly referable 
to a diminution in filtered load but a tubular element is also evident. 


TABLE If 


THE BIPHASIC EFFECT OF PITRESSIN ON THE RENAL HANDLING OF 
A SALT LOAD IN DCA-HYPERTENSIVE RATS 


1 





























Experiment 2A Experiment 2B 
DCA DCA 
Pitressin Pitressin 
Treatment Control + 45 min. Control + 180 min. 
Average wt., gin. 302 + 1§$ 313 + 13 300 + 19 302 + 12 
Cin, cc./min./100 cm.? 0.18 + 0.02 0.15 + 0.02 0.17 + 0.03 0.15 + 0.02 
Plasma Na, meq./1. 160 * 23 160 + 2 152 + 2 162 = 3 
~p<0.01 
Urine volume, yl. /min. /100 cm.2 3.0 + 0.9 7.8 & 88 4.4 + 0.6 2.6 + 0.4 
p<0.01 p<0.02 
Na, excretion, weq./min./100 cm.? 1.56 + 0.29 2.56 + 0.44 1.91 + 0.29 1.05 + 0.11 
p<0.02 
Filtered Na load, weq./min./100cm.? 30.1 + 3.8 23.9 + 3.2 26.8 + 4.8 24.0 + 3.8 
Na excretion, % of load S.1 + 0.4 21.9 + 2.4 73 & 12 48 + 0.6 
p<0.01 ? <0.05 
Urine Na concentration, weq./cc. 611 +132 368 + 22 426 + 3% 429 + 49 
Blood pressure, mm.Hg 
Systolic 175 + 6 180 > 2 180 + 10 179 2 
Diastolic 133 = © 125 -. 140 + 8 136 
Mean 148 z. © 157 + 9 154 + §$ 155 + 8 
No. of animals 8 8 8 





Experiment 3. The Effect of Pitressin on the Renal Handling of Sodium and 

Water in Compound-F-induced Hypertension 

Renal function tests were carried out exactly as before. Table III presents 
the findings. 

The responses to Pitressin of rats with Compound F hypertension are 
recognizably similar in type to those observed in the preceding experiment 
with DCA but considerably reduced in degree. The diminished response is 
reminiscent of the fact that Pitressin causes only minimal elevation of the 
blood pressure in Compound-F-treated rats (4). 


Experiment 4. The Effect of Pitressin on the Renal Handling of Sodium and 
Water in Hypertension Induced by Renal Compression 


Renal function tests were carried out exactly as before. Table IV presents 
the findings for the first phase. 
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TABLE III 


A SALT LOAD IN COMPOUND-F-HYPERTENSIVE RATS 





Average wt., gm. 


Cis, cc./min./100 cm.? 
Plasma Na, megq./l. 
Urine volume, yl. /min./100 cm.? 


Na excretion, weq./min./100 cm.* 


Treatment 


Experiment 3A 








Filtered Na load, weq./min./100cm.? 38.6 


Na excretion, % 


Urine Na concentration, peq. /cc. 


Blood pressure, mm.Hg 


Systolic 
Diastolic 
Mean 


No. of animals 





THE EFFECT OF 
LOAD 





Compound F 
Control +45 an. Con 
178 + 10 178 eS 179 
0.25 + 0.02 0.23 + 0.03 0.23 
154 & 2 156 & 3 158 
33 2+ 635 §.4 + 1.0 3.9 
2.09 + 0.15 2.31 + 0.35 “2.8 
+ 33 33.9 + 68 37.4 
of load 56 + 90.5 66 + 0.8 
561 + 41 459 + 33 559 
166 - = 169 + 170 
120 = @ 120 a 123 
138 2 3 140 + 143 
8 8 8 
TABLE IV 
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Experiment 3B 
Compound F : a 
a ~ Pitressin 
trol + 180 min. 
+ 10 179 + 13 
+ 0.01 O.25 + 0.04 
3 152 + 2 
+ 0.5 3.7 = O84 
+ 0.20 1.81 + 0.25 
+ 09 36.2 + 6.1 
+ 06 $2 2 66 

33 512 + 64 
‘2 167 + 
- 4 118 + 2 
4 137 = 

& 


PITRESSIN, AFTER 45 MIN., ON THE RENAL HANDLING OF A SALT 


IN 





RATS MADE HYPERTENSIVE BY RENAL COMPRESSION 





Renal compression 








Treatment Control Pitressin + 45 min. 
Average wt., gm. 352 ; 326 + 10 
Cry, cc./min./100 cm.? 0.17 = 0.02 0.09 + 0.02 
p<0.02 
Plasma Na, meq./I. 142 6 146 + § 
Urine volume, pl./min./100 cm.? 2.0 + 0.4 5.8 + 0.8 
p<0.01 
Na excretion, weq./min./100 cm.? 0.64 + 0.09 1.70 + 0.20 
p<0.01 
Filtered Na load, weq./min./100cm.2 23.7 + 2.5 13.6 + 2.3 
p<0.01 
Na excretion, % of load 2.9 + 0.5 14.5 + 2.6 
~p<0.01 
Urine Na concentration, peq./cc. 351 + 59 308 + 45 
Blood pressure, mm.Hg 
Systolic 171 + § 177 + 7 
Diastolic 104 + 8 111 + 7 
Mean 128 + © 137 ee 
No. of animals 8 8 
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The effects of Pitressin on sodium and water handling are clearly identical 
with those previously observed in the first phase of action. The degree of 
change is considerably more marked than in the other experiments and the 
implication of a diminution in tubular reabsorption is quite sharp. Since the 
effects of the first phase were so pronounced, reversal was not evident by three 
hours; asa result, data concerning renal function during the phase of reversal 
are not available for this type of hypertension. Previous studies have shown 
the usual sodium and water retention in the second phase when the full curve 


is studied. 
Discussion 


The experiments reported here confirm and amplify our previous observa- 
tions concerning the biphasic effect of Pitressin on sodium and water excretion. 
During the first phase of increased excretion the kidneys are clearly involved. 
In particular, the increased excretion is accomplished by a diminution in the 
tubular reabsorption both of sodium and water. The response varies from an 
insignificant although suggestive one in Compound-F-treated rats to a most 
marked effect in rats with renal compression. This variation could be 
referable to different degrees of interference with the kidneys in these various 
forms of hypertension. It could also be, at least in part, dependent on 
extrarenal factors. We shall shortly report our findings concerning a direct 
extrarenal effect of Pitressin. 

The second phase, that of retention, shows no clear-cut uniform renal 
mechanisms within the range of accuracy of the methods used here. This 
suggests that the retention phase is not due to any specific effect of Pitressin 
directed primarily at the kidney. 
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CREATINE PHOSPHOKINASE ACTIVITY OF 
MAMMALIAN ERYTHROCYTES! 


By P. F. Sotvonuxk, SHEILA C. MCRAE, AND H. B. COLLIER 


Abstract 


Creatine phosphokinase activity was demonstrated in hemolyzates of rabbit 
and rat erythrocytes, but it was not present in significant amounts in human 
erythrocytes. Activity of the enzyme was followed by photometric estimation 
of the creatine liberated in the transfer of phosphate from creatine phosphate 
to adenosine diphosphate. The enzyme was inhibited by mercurials, heavy- 
metal ions, and iodoacetate, and evidently possesses free thiol. groups. It 
required for its activation a divalent cation, such as Mg** or Ca**, but neither 
Na* nor K* had any effect. 


Introduction 


Lohmann (9) discovered, in 1934, the catalytic breakdown of CrP? in muscle; 
the enzyme responsible for this reaction was long known as the “Lohmann 
enzyme’. Lehmann (8) showed that the reaction is actually a reversible 
phosphate transfer, and Oliver (12) recently demonstrated that ADP is the 
only phosphate acceptor, for this reaction, in brain and muscle. The enzyme 
is now referred to as “creatine phosphokinase” and the equation for the 
reaction which it catalyzes is as follows: 


CrP + ADP Ss Creatine + ATP {1] 


Chappell and Perry (2) described a method for determination of CPKase 
in muscle, based upon the estimation of liberated creatine. Ennor and 
Rosenberg (5) and Rosenberg and Ennor (13) confirmed that CPKase is a 
thiol enzyme, and that it required the presence of Ca++, Mgt*, or Mn** for 
its activity. Lardy and co-workers (6, 7, 10, 11) isolated the crystalline 
enzyme (referred to by them as ‘“‘adenosinetriphosphate-creatine transphos- 
phorylase’’) from muscle. They showed that Mg** and Mn** had an equal 
activating effect, but that K+ had no effect. 

Our interest in the cation gradient of the mammalian erythrocyte has led 
us to investigate the cation requirements of certain glycolytic enzymes of 
the erythrocyte. We have demonstrated the presence of a PPFase that 
requires K+ and Mgt* (15, 16). We now present evidence for CPKase 
activity in rabbit and rat erythrocytes, and describe some of the properties 
of this enzyme. 


Experimental 
Materials 


Creatine phosphate was obtained as the calcium salt from the California 
Foundation for Biochemical Research. (This product contained only 0.4% 


‘Manuscript received December 13, 1955. 

Contribution from the Department of Biochemistry, University of Alberta, Edmonton, Alta., 
with financial assistance from the Defence Research Board of Canada, Grant No. 9350-06. 

*The following abbreviations are used: CPKase, creatine phosphokinase; CrP, creatine 
phosphate; ATP, adenosine triphosphate; ADP, adenosine diphosphate; PP Fase, pyruvic 
phos phoferase (phosphokinase); Tris, tris( hydroxymethyl )aminomethane. 
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free creatine, whereas another commercial product contained 2.1% free 
creatine, and gave a high blank in our method.) The calcium salt was con- 
verted, when required, to the sodium or potassium salt by treatment with an 
equivalent quantity of sodium or potassium oxalate in aqueous solution and 
removal of the calcium oxalate. 

The sodium salt of ADP was from Sigma Chemical Co. All distilled water 
used in the experiments had been passed through a ‘‘Deeminizer’’ ion- 
exchanger to remove free chlorine (3). 


Methods 


CPKase activity was measured by a modification of the method of Chappell 
and Perry (2) in which phosphate is transferred enzymically from CrP to 
ADP and the free creatine thus liberated is estimated photometrically. We 
have followed what Kuby ef al. (7) call the “reverse reaction’’, i.e., the 
reaction from right to left in equation [1]. 

The erythrocytes from heparinized whole blood were washed three times in 
the centrifuge with 1% sodium chloride. The leukocyte layer on top of the 
red cells was aspirated off at each washing. Each 1 ml. of packed erythrocytes 
was then hemolyzed with water to a total volume of 5 ml. This is referred 
to as “‘1:5 hemolyzate’’. These whole hemolyzates were used as the source 
of CPKase unless otherwise stated. 

To 0.10 ml. of 1:5 hemolyzate were added the following solutions (final 
concentration of each solute in parentheses) : 

0.30 ml. of 0.02 M ADP (0.006 M), 

0.10 ml. of 0.05 M MgSO, (0.005 M), 

0.10 ml. of 0.50 M Tris buffer, pH 6.8 (0.05 M), 

0.20 ml. of water. 
The test tube containing this mixture was placed in the thermostatic bath at 
37° C. and after five minutes the reaction was started by addition of 0.20 ml. 
of 0.025 M CrP, to give a final concentration of 0.005 M. (The calcium salt 
of CrP was used unless otherwise stated.) The reaction was allowed to 
proceed for 60 min. at 37°. The blank determination was set up in exactly 
the same way, except that the ADP was replaced by 0.30 ml. of water. This 
blank corrected for the creatine from the following sources: that in the 
hemolyzate; that in the substrate; and that liberated from the CrP by 
spontaneous hydrolysis. 

Chappell and Perry (2) added cysteine in the determination of CPKase 
activity in muscle, but we found that this was not necessary with hemolyzates. 
Addition of 0.01 AM cysteine sometimes produced a slight inhibition of the 
CPKase but never any activation. Presumably the hemolyzates contained 
sufficient glutathione to keep the enzyme thiol groups in the reduced form. 

At the end of the 60 min. period enzyme activity was stopped by addition 
to each tube of 0.25 ml. of a 0.05 M neutral solution of phenylmercuric acetate 
in 50% dicxane. Protein was removed by addition of 0.15 ml. of 0.15 M 


barium hydroxide and 0.10 ml. of 0.17 M zinc sulphate, followed by centri- 
fugation. 
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Free creatine in the protein-free solution was determined by a modification 
of the method of Eggleton, Elsden, and Gough (4). To 0.50 ml. of the 
solution were added 1.00 ml. of 1% a@-naphthol in the stock alkali and 0.50 ml. 
of a 1 : 20 dilution of 1% aqueous diacetyl. (As the reagent blank was quite 
low it was not thought necessary to repurify the a-naphthol and diacetyl, 
which were commercial products.) It was found that brisk shaking, following 
the addition of the reagents, as described in the original method, markedly 
inhibited the full development of the red color. Maximum color development 
was achieved by gentle mixing after the addition of each reagent. The mixture 
was then allowed to stand 20 min. at room temperature and finally 3.0 ml. of 
water was added. 

The absorbancies of the enzyme and blank samples were measured in the 
Beckman DU spectrophotometer, in 10 mm. cuvettes, at 520 my against a 
reagent blank. A standard curve was prepared with creatine which had been 
recrystallized from water. This was linear in the range of 0-50 ugm. per ml. 
of sample (0-5 ugm. per ml. of final solution as read in the spectrophotometer). 
From the slope of the calibration line, creatine concentration (ugm. per ml. 
of sample) = 86 X absorbancy. Quantitative recovery of added creatine 
was achieved by this procedure. 

Enzyme activity determinations were run in duplicate and the results 
averaged. The CPKase activity of hemolyzates is expressed in units, where 
one unit corresponds to liberation of 1 mgm. of creatine per ml. of packed 
erythrocytes in 60 min. at 37° C. 


CPKase of Rabbit Erythrocytes 


Preliminary experiments, and most of the subsequent ones, were performed 
on whole hemolyzates of rabbit erythrocytes. The following information on 
conditions of activity was obtained. 

The optimum pH was at about 6.8, where Kuby et a/. (7) obtained 6.9--7.0 
for the “reverse reaction’’ of the muscle enzyme. Optimum substrate concen- 
trations were in the range 0.003-0.008 M for CrP and 0.004-0.008 JJ for 
ADP. Liberation of creatine was linear with time up to 60 min. at 37°C. 
and activity varied directly with enzyme concentration in the range 0—0.20 
mil. of 1 : 5 hemolyzate per ml. of reaction mixture. 

Removal of the red-cell stromata from whole hemolyzates in the high speed 
refrigerated centrifuge resulted in only a slight decrease in CPKase activity. 
Whole hemolyzates were used in all subsequent experiments. 


Stability of the Enzyme 

The activity of frozen (— 20° C.) undialyzed hemolyzates of rabbit red cells 
remained unchanged for 22 days. An undialyzed hemolyzate kept at 5° C. 
decreased from 3.9 to 3.5 units in five days, and addition of 0.01 M cysteine 
did not prevent this slight loss. Dialysis of whole hemolyzates overnight 
against water at 5° C. resulted in no loss. (Mgt+ was, of course, added for the 
determinations of enzyme activity.) Dialysis in the presence of cysteine or 
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of crystalline plasma albumin (15) did not affect the CPKase activity. When 
hemolyzate was dialyzed against water for 24 hr. at 5° and then stored at 5°, 
the CPKase activity remained constant for the first eight days and then 
decreased to one-quarter of the initial activity by the 17th day. 

It is evident from these experiments that the erythrocyte CPKase, although 
a thiol enzyme, is much more stable than the erythrocyte PPFase which 
required the addition of plasma albumin for its protection during dialysis (15). 


Effect of Inhibitors ° 

In Table I are summarized the results of experiments with various com- 
pounds upon the activity of hemolyzates of rabbit erythrocytes. It is clear 
from the effect of mercurials, iodoacetate, and heavy-metal ions, that the 
CPKase is a thiol enzyme, as is the enzyme of muscle. 


TABLE I 
EFFECT OF INHIBITORS UPON CPKASE ACTIVITY 
OF RABBIT ERYTHROCYTES 





Inhibitor Inhibition, % 





pI* 
p-Chloromercuribenzoate 4.0 14 
3.0 100 
Sodium iodoacetate 5.0 0 
4.0 75 
3.0 100 
Copper sulphate 5.0 0 
4.0 32 
3.0 80 
Silver nitrate 5.0 0 
4.0 100 
Mercuric chloride 6.0 0 
5.0 17 
4.0 100 
Phenothiazine 3.0 0 
Phenothiazone Re | 7 
4.7 17 
a.7 44 
Phenylhydrazine 4.0 6 
3.0 30 
Dinitrophenol 3.0 0 


*pl is the negative logarithm of the molar concentration of inhibitor. 


Effect of Various Cations 

Experiments were carried out on hemolyzates of rabbit erythrocytes, which 
had been dialyzed against distilled water for 24 hr. at 5°C. The results in 
Table II illustrate the effect of adding Mgt*+ when sodium CrP is used as 
substrate. The figures in Table III reveal that Ca*+ can produce some 
activation, but not as great as that caused by Mg**. Furthermore, in the 
presence of an optimum concentration of Mg*+, addition of Cat* causes 
decreased activity, which is an indication that there is competition between 
these two divalent cations for the active centers of the enzyme. 
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| a With potassium CrP as substrate, enzyme activity was negligible in the 

5 presence of K* alone, and K+ added to an optimum amount of Mg** caused 

a a slight inhibition (Table III). A similar experiment on the effect of Nat 
3 indicated that this ion had no activating effect (Table III). 

; 7 It is evident from these experiments that CPKase has an absolute require- 

: : ment for a divalent ion, and that the univalent ions are not activators. 


TABLE II 


r EFFECT OF MAGNESIUM ION UPON CPKASE ACTIVITY 
OF RABBIT ERYTHROCYTES 











r 
> (Na salt of CrP as substrate) 
Mgt conc., M Activity, units 
0 0.8 
0.0005 0.64 
0.0010 1.18 
0.0050 2.36 
0.0100 2.55 
TABLE III 
EFFECT OF CALCIUM, POTASSIUM, AND SODIUM IONS UPON 
CPKASE ACTIVITY OF RABBIT ERYTHROCYTES 
Activity, units 
Ion conc., VW No Mg** 0.005 M Mg*> 
Calcium (Na salt of CrP as substrate) 
0 0.13 2.85 
0.001 0.94 2.36 
0.005 1.22 1.88 
0.010 1.22 1.58 
Potassium (K salt of CrP as substrate) 
0.005 0.08 2.05 
h 0.010 0.09 1.92 
0.100 0.13 1.82 
n ee Eg Re a ae PC ee oe. 
S . ° nr 
* Sodium (Na salt of CrP as substrate) 
ie 0.005 0.06 2.35 
S 0.010 0.06 2.29 
n ; 0.100 0.09 am 
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Actwity of Erythrocyte CPKase in Various Species 

Single blood specimens were used to determine the CPKase activity in the 
erythrocytes of rabbit, rat, and human blood. The erythrocytes of six normal 
rabbits possessed a CPKase activity in the range 0.75-—2.18 units, with a mean 
of 1.35+0.22. In one animal the activity varied between 1.47 and 2.66 
units over a period of one month. Activity in the erythrocytes of 12 normal 
rats was in the range 0.22-0.99 units, with a mean of 0.54+0.07. 

The red cells from four human subjects gave activities of 0-0.2 units. This 


activity could not be increased by addition of cysteine, and is regarded as 
negligible. 


Discussion 


Creatine phosphokinase activity has been demonstrated in the erythrocytes 
of rabbits and of rats; but the enzyme appears to be present only in traces, 
if at all, in human erythrocytes. The erythrocyte CPKase seems to be a 
thiol enzyme. It requires activation by a divalent cation such as Mgt* or 
Ca*+, and there is no requirement for a univalent cation. In these respects 
the red-cell enzyme has the same properties as the enzyme in muscle. 

It is a question whether the CPKase can serve any useful function in the 
erythrocyte, or whether it is merely vestigial or incidental. It is possible that 
some of the energy derived from glycolysis can be stored in CrP, but it is 
obvious that such energy storage cannot be as important in the erythrocyte 
as it is in muscle.’ 

Schild and Maurer (14) have recently demonstrated the presence of CrP 
in human erythrocytes. When glycolysis was actively proceeding, P® was 
rapidly incorporated into CrP which was detected by a chromatographic 
method. Jn the light of these findings it must be assumed that some CPKase 
activity resides in human red cells, although we could not detect significant 
amounts. 

No quantitative data are available for CrP in erythrocytes. According to 
Albritton (1, p. 101) creatine is present in mammalian erythrocytes in a 
concentration of 6-10 mgm. per 100 ml. of cells. For ATP the range of values 
is 10-20 mgm. (as P) per 100 ml. of cells (1, p. 105). Skeletal muscle contains 
about the same amount of ATP but much more creatine. In rabbit erythro- 
cytes the magnesium concentration is about 6 meq. per liter of cells (1, p. 117) 
or about 4 millimolar in the cell water, which is close to the optimum concen- 
tration for CPKase and for PPFase. Hence there is little doubt that CrP 
could be readily synthesized in the mammalian red cell, if a sufficient concen- 
tration of CPKase were available. 

It is of interest to compare the activities of CPKase and of PPFase in rabbit 
erythrocytes. We found the CPKase activity to average 1.35 units, which 
corresponds to 10 micromoles of creatine liberated per ml. of cells in 60 min. 


*Prankerd and Alttman (Biochem. J. 58: 622. 1954.) have ype that 2,3-diphospho- 
glycerate may serve as a source of energy for regeneration of ATP in the erythrocyte. 


ecodids ken i ph at 





oh Piet he RR AS Bee 








ie 
| 


6 
al 


LIC 


es 


rit 
ch 
in. 


ho- 





a igh 


SOLVONUK ET AL.: CREATINE PHOSPHOKINASE 487 


at 37°C. The PPFase activity (15) averaged 79 micromoles of pyruvate 
liberated per ml. of cells in 10 min. at 37°. Hence, under the conditions of our 
measurements the PPFase was about 50 times as active as the CPKase. Since 
the PPFase is an essential enzyme in the glycolytic mechanism of the cell, 
and CPKase is not known to play a vital role, this ratio of activities is not 
surprising. At the same time it must be pointed out that the activities of 
these two enzymes were measured in diluted hemolyzates, and nothing is 
known as to the effect of dilution on the activity of these red-cell cytoplasmic 
enzymes. 


References 


1, AtBritton E. C. Editor. Standard values in blood. W. B. Saunders Company, 
Philadelphia. 1952. 


2. CHAPPELL, J. B. and Perry, S. V. Biochem. J. 57:421. 1954. 

3. CoLuier, H. B. and Stuart, R. D. Can. Med. Assoc. J. 69: 321. 1953. 

4. EGGLeton, P., ELspENn, S. R., and Goucu, N. Biochem. J. 37: 526. 1943. 

5. Ennor, A. H. and RosENBERG, H. Biochem. J. 57 : 203. 1954. 

6. Kusy, S. A., Nona, L., and Larpy, H. A. J. Biol. Chem. 209:191. 1954. 

7. Kusy, S. A., Nona, L., and Larpy, H. A. J. Biol. Chem. 210:65. 1954. 

8. LEHMANN, H. Biochem. Z. 281:271. 1935. 

9. LoHMANN, K. Biochem. Z. 271 : 264. 1934. 

10. Nopa, L., Kusy, S. A., and Larpy, H. A. J. Biol. Chem. 209 : 203. 1954. 

11. Nopa, L., Kusy, S. A., and Larpy, H. A. J. Biol. Chem. 210 :83. 1954. 

12. Ottver, I. T. Biochim. et Biophys. Acta, 14 :587. 1954. 

13. ROSENBERG, H. and Ennor, A. H. Biochim. et Biophys. Acta, 17 : 261. 1955. 
14. Scuitp, K. T. and Maurer, W. Biochem. Z. 323: 235. 1952. 

15. So_vonuk, P. F. and Cottter, H. B. Can. J. Biochem. Physiol. 33 : 38. 1955. 
16. SotvonuxK, P. F. and Coiiier, H. B. Can. J. Biochem. Physiol. 33 : 385. 1955. 





488 


THE MECHANISM OF DEGRADATION OF A CELLODEXTRIN 
BY MYROTHECIUM CELLULASE! 


By D. R. WHITAKER 


Abstract 


A cellodextrin with a number-average degree of polymerization (D.P.) of 24 
was hydrolyzed by Myrothecium cellulase in the presence of C'-labelled cello- 
biose. The specific activities of cellotriose and cellotetraose isolated at various 
stages of the hydrolysis were less than 20%, of that of cellobiose isolated at the 
same time. It is concluded that transfer reactions involving cellobiose contri- 
buted little to the formation of cellotriose and cellotetraose. The ratio moles of 
cellotriose formed /mole of cellobiose formed was at least 0.7 and the correspond- 
ing ratio for cellotetraose at least 0.4. The number-average D.P. of the sub- 
strate decreased slightly during the hydrolysis. The results exclude a degrada- 
tion of the substrate by cleavage of cellobiose units from the ends of its chains 
but are consistent with degradation by random cleavage. 


Introduction 


Cellulolytic enzymes are generally considered to degrade cellulose either 
by random, hydrolytic cleavage or by hydrolytic cleavage of cellobiose units 
from the ends of the cellulose chains. For most cellulases, the evidence 
which has been advanced in support of either mechanism does not rigorously 
exclude the other. Many types of evidence are equivocal owing to properties 
of the substrate such as the variable lengths and accessibilities of its chains. 
Other types of evidence are equivocal owing to the properties of the enzyme, 
as is illustrated by the present evidence on the formation of higher oligo- 
glucosides by Mvyrothecium cellulase. 

If this enzyme degrades cellulose by random cleavage, the potential soluble 
hydrolysis products are glucose and a homologous series of oligoglucosides 
ranging in degree of polymerization (D.P.) from two to about ten (9). The 
first two, glucose and cellobiose, have been identified repeatedly in hydro- 
lyzates of virtually all types of cellulose substrates. Kooiman, Roelofsen, and 
Sweeris (6) obtained chromatographic evidence of the formation of the next 
three— cellotriose, cellotetraose, and cellopentaose—during the hydrolysis of 
cellodextrins, regenerated cellulose, and swollen cellulose. Hash and King (4) 
subsequently isolated cellotetraose from a hydrolyzate of swollen cellulose. 
This evidence can be considered as supporting random cleavage as the 
mechanism of hydrolysis. However Crook and Stone (3) found that culture 
filtrates of Myrothecium can form higher oligoglucosides from cellobiose by 
transfer reactions. These reactions were detected at a high cellobiose 
concentration (7.5%) and may have little significance at the cellobiose 
concentrations usually present in enzymic hydrolyses of cellulose. Neverthe- 
less the possibility of such transfer reactions raises some doubt as to whether 
the evidence of Kooiman et al. is incompatible with endwise cleavage. 

One method of resolving the uncertainty is by analysis of the hydrolysis 
products formed when a cellulose substrate undergoes enzymic hydrolysis in 


‘Manuscript received December 15, 1955. 
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ph hth ie aa es BO . * 


4 
1 
i 
: 


4 
4 
; 








— —_— Ss 


— 


Se “ —— 
Si ihichct abaj tie tas elec aS ae a 


tik el py MIF A 


RES ot bes ee eneeeea 


as Me 
aa ak B Ep ie Pra AN 


WHITAKER: DEGRADATION OF A CELLODEXTRIN 489 


the presence of C-labelled cellobiose. If the higher oligoglucosides are 
formed exclusively from cellobiose, their specific activities at any stage in the 
hydrolysis should be not less than that of the cellobiose present. The results 
of such an experiment and their bearing on the mechanism of degradation are 
described in this report. 


Materials and Methods 


The enzyme was obtained from culture filtrates of the mold Myrothecium 
verrucaria and purified by methods previously described (12). The cellotriose, 
cellotetraose, and cellopentaose used as reference sugars on chromatograms 
were prepared by acetolysis of cellulose (13); the other sugars were of reagent 
grade. D-Glucose uniformly labelled with C' was obtained from Atomic 
Energy of Canada Ltd. 

C-labelled cellobiose was prepared from cellulose obtained from pellicles 
of Acetobacter xylinum (N.R.C. 472) grown in a medium containing C'-labelled 
glucose. The organism was grown at room temperature in twenty 50 ml. 
Erlenmeyer flasks each containing 15 ml. of the medium of Hestrin and 
Schramm (5). The total tracer in the medium was about 100 uc. of C4. Two 
sets of pellicles were harvested: the first was removed aseptically three days 
after the flasks were inoculated with a 48 hr. culture of the organism; the 
second after a further four days growth. Fibrous cellulose (200 mgm.) was 
separated from them by the method of Barclay, Bourne, Stacey, and Webb 
(1). It was mixed with absorbent cotton (800 mgm.) and acetolyzed as 
described by Barclay et al. (1). The acetolyzate was deacetylated in absolute 
methanol with sodium methoxide and the resulting mixture of free sugars 
was fractionated on a charcoal column by the method of Whistler and Durso 
(11). The column was washed thoroughly with water to remove glucose and 
then with 7.5% (v/v) aqueous ethanol to elute cellobiose. The product (208 
mgm.) obtained on evaporating the eluate to dryness was refractionated on 
paper chromatograms. The papers were developed for 24 hr. with the 
organic phase of a mixture of isoamyl alcohol, pyridine, and water (1:1: 1 
v/v); dried; and then redeveloped for 24 hr. with a mixture of butanol, 
ethanol, and water (5 :4:1v/v). The sections between the cellobiose front 
and a few centimeters behind it were cut out and eluted with water. The 
eluate was concentrated in a vacuum evaporator and the sugar precipitated 
with ethanol, filtered off, and dried in vacuum (weight: 193 mgm.; specific 
activity: 657 c.p.m./mgm.). 

The substrate was a cellodextrin obtained as a by-product from a large 
scale preparation of oligoglucosides from cellulose (13). In this preparation, 
absorbent cotton (200 gm.) was acetolyzed for 24hr. The acetylated products 
were precipitated in ice water, filtered off, dried, and then deacetylated with 


sodium methoxide in absolute methanol. Soluble sugars were removed by 


two extractions with water, the residue being separated each time by centri- 
fugation for 15 min. at 20,000 X g. The cellodextrin was isolated from 10 
gm. of the final residue. To ensure that deacetylation was complete, the 
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cellodextrin was dispersed in absolute methanol with a Waring blendor and, 
after the addition of sodium methoxide, left overnight on a wrist-action 
shaker. The dispersion was centrifuged and the sediment washed with 
methanol. It was dispersed in two liters of water at 50° C. and the dispersion, 
followed by four liters of water, passed through a Sharples supercentrifuge. 
A coarse sediment at the input end of the rotor was discarded. The remainder 
of the sediment, a colorless, translucent gel, was dispersed in ethanol, filtered, 
and air-dried (weight: 4.3 gm.). Samples for end group analysis were 
equilibrated for 24 hr. over water in a closed vessel, to remove adsorbed 
ethanol, and then vacuum dried for eight hours at 80° C. over phosphorus 
pentoxide. Analysis for reducing end groups by the method of Martin, 
Smith, Whistler, and Harris (7) gave a number-average D.P. of 24. 

The conditions of hydrolysis and the method of preparing the samples of 
hydrolyzate for analysis were as follows. The substrate (1 gm.) was dispersed 
in 50 ml. of a 0.0125 M solution of zinc sulphate, containing labelled cellobiose 
(8.2 mgm.) and crystalline bovine plasma albumin (Armour) (2.2 mgm.). 
The pH of the dispersion was adjusted to 5.0 with a trace of sulphuric acid. 
Five milliliters of a solution of enzyme (0.44 mgm. protein/ml.) in the same 
‘ solvent and at the same pH was then added. The temperature was main- 
tained at 38.9°C. At various time intervals, 10-ml. samples of the dispersion 
were added to two volumes of boiling ethanol and boiled for five minutes to 
inactivate the enzyme. The samples were evaporated to dryness in a Craig 
vacuum evaporator, made up to their original volume with water, and then 
centrifuged for 15 min. at 15,000 X g to remove the residual cellulose. The 
supernatant solution was brought to pH 8.3 with barium hydroxide, left for 
an hour, and centrifuged. The sediment of zinc hydroxide and barium 
sulphate was redispersed in water and recentrifuged. The supernatant 
solutions were combined and concentrated to a small volume for the 
subsequent chromatographic fractionation. 


The sugars in the sample were fractionated by multiple development on a 
composite paper (13) consisting of a 57 X 22 cm. sheet of Schleicher and 
Schuell No. 598 paper with a wick of Whatman No. 1 paper. The development 
procedure was as described above. After the paper was dried, the side strips 
containing the reference sugars and a central 3-mm. strip containing developed 
sample were cut off and sprayed with alkaline silver nitrate (10) to indicate 


the sugars. The paper was sectioned accordingly and each section eluted 
with water (13). 


The amount of reducing sugar in each eluate was determined before and 
after acid hydrolysis, as previously described (13), by Nelson’s colorimetric 
modification of the micro-Somogyi method (8). A second aliquot of the eluate, 
containing wherever possible about three milligrams of sugar, was evaporated 
to dryness in a platinum boat and its C“ content assayed, after dry combustion 
and precipitation as barium carbonate (2, 15), with a thin window Geiger- 
Miiller counter. The counting time was 60 min. far all samples. The usual 
corrections for background and self-adsorption were made. 
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Results and Discussion 


The distribution of hydrolysis products on a typical chromatogram is 
shown in Fig. 1. The sugars indicated by the silver nitrate spray corresponded 
in position with glucose, cellobiose, cellotriose, cellotetraose, and cellopentaose. 
The estimated concentrations and specific activities of the first four sugars are 
in Table I. The lowest counting rate of the cellobiose samples was more than 
200% above the background rate and the percentage standard errors of the ne 
activities were all less than 5%; the highest counting rate for the other 
samples was less than 50% above background and the corresponding 
percentage errors are from 10% to 35% 

By the end of the hydrolysis period, the dry weight of the residual cello- 
dextrin obtained on centrifuging the hydrolyzate had decreased from an initial 
value of 180 mgm./10 ml. to about 80 mgm./10 ml. The estimated number- 
average D.P.’s of the residual cellodextrin were as follows: 


Time of hydrolysis, D.P. of residual 
min. cellodextrin 
0.5 23 
10 18 
20 21 
30 19 
60 21 
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Fic. 1. Drawing of chromatogram of hydrolyzate of cellodextrin (30 min. hydrolysis). 
The side strips (A and B) contain the reference sugars; the central strip (C) the ‘developed 
hydrolyzate. The drawing is to scale in the vertical direction only. 
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A comparison of the specific activities in Table I indicates that transfer 
reactions involving cellobiose contribute very little to the formation of cello- 
triose and cellotetraose during the hydrolysis. A comparison of the changes 
in concentration of the sugars suggests the same conclusion, for the rates of 
accumulation of cellotriose and cellotetraose diminish as the cellobiose con- 
centration increases. The general trend shown by the changes in concentra- 
tion of the four sugars is similar to that shown in the hydrolysis of the higher 
oligoglucosides (13) and can be interpreted similarly as indicating that the 
change in concentration of each sugar is determined primarily by the difference 
between two rates: the rate, r;, at which the sugar is being formed by the 
degradation of chains of higher D.P. and the rate, r2, at which it is being 
degraded to sugars of lower D.P. The results in Table I apply to a hydrolysis 
for which, in view of the high rate of degradation of the cellodextrin, r; for 
cellotriose and cellotetraose can be taken as being relatively large throughout 
the period of hydrolysis studied. However with substrates which are degraded 
at much slower rates, e.g. substrates with a fine structure which limits the 
accessibility of the cellulose chains to the enzyme, the corresponding 7; values 
would be very low and possibly, at some stage in the hydrolysis, relatively 
unimportant in comparison with the rates of formation by transfer reactions. 

The slight decrease in D.P. during hydrolysis of the cellodextrin is, in itself, 
consistent with either degradation by random cleavage or degradation by 
endwise cleavage of cellobiose units since, when the initial D.P. is as low as 24, 
slight decreases in D.P. can be accounted for by either mechanism. However 
this evidence in conjunction with the data in Table I excludes endwise cleavage 
as the mechanism of degradation. Assuming endwise cleavage, cellotriose and 
cellotetraose represent ends of degraded chains. If the concentrations in 
Table I are converted to relative molar concentrations by dividing the con- 
centration of each sugar by the D.P. of the sugar, the values obtained for the 
earlier stages of the hydrolysis are comparable in magnitude. Thus, during 
the first 10 min. of hydrolysis, at least seven molecules of cellotriose and four 
molecules of cellotetraose were formed for every 10 molecules of cellobiose. 
Corrections for hydrolysis of the three sugars during the interval would 
increase the ratios (13, 14). To account for these ratios, one must assume that 
the initial attack favored the cleavage of very short chains, e.g. chains with 
D.P.’s of about six or seven. As chains of this size are soluble in water, it is 
unlikely that they formed a major component of the cellodextrin. However 
if they did, then since the cellodextrin had initially a number-average D.P. 
of 24, it must have contained an equal number of chains of comparatively 
high D.P. and consequently the number-average D.P. of the residual cellulose 
should have increased as degradation proceeded. The results are therefore 
consistent with degradation by random cleavage but not with degradation by 
endwise cleavage. The method of degradation of the cellodextrin is thus in 
accordance with the trend shown by the methods of degradation of the higher 
oligoglucosides by this enzyme (13, 15). 
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POLYHYDRIC ALCOHOL PRODUCTION BY OSMOPHILIC YEASTS: 
STUDIES WITH C*-LABELED GLUCOSE! 


By J. F. T. Spencer, A. C. Netsn, A. C. BLACKWoop, AND H. R. SALLANS 


Abstract 


p-Glucose was dissimilated aerobically by a strain of osmophilic yeast produc- 
ing glycerol, D-arabitol, ethanol, carbon dioxide, and a small amount of succinic 
acid. Glucose-1-C™ gave glycerol labeled in the terminal carbons, D-arabitol 
labeled in carbon-1 and carbon-5, methyl labeled ethanol, and succinic acid with 
30% of the labeling in the carboxyl carbons and 70% in the methylene carbons. 
Glucose-2-C™ gave glycerol labeled in carbon-2, p-arabitol labeled in carbon-1, 
carbon-2, and carbon-4, carbinol labeled ethanol, and succinic acid having 70% of 
the labeling in the carboxy! carbons and 30% in the methylene carbons. Labeled 
carbon dioxide was produced from both carbon-1 and carbon-2 labeled glucose 
but the specific activity of carbon dioxide from glucose-1-C™ was higher than 
that from glucose-2-C“, The distribution of radioactive carbon in the products 
is explained by assuming that glucose is dissimilated via a combination of the 
Embden-Meyerhof and the phosphogluconate oxidation pathways, with trans- 
ketolase-catalyzed reactions playing an important part in D-arabitol formation. 


Introduction 


Osmophilic yeasts have recently been shown (19) to produce several 
polyhydric alcohols. Glycerol is the only one of these compounds for which 
the mechanism of formation is known. Thus with Saccharomyces cerevisiae it 
is formed via the Embden—Meyerhof—Parnas pathway of glycolysis, and 
Neish (11) has shown that the same mechanism probably exists in Bacillus 
licheniformis (Ford's strain of Bacillus subtilis). There have been no investi- 
gations of the mechanism of formation of the other polyhydric alcohols, 
although metabolic pathways for the formation and breakdown of other 
five-carbon compounds have been suggested (3, 6, 13). In this work C*- 
labeled glucose was used as a substrate in the study of the mechanism of 
formation of ethanol, glycerol, and D-arabitol by a strain of osmophilic yeast. 


Experimental 


Preparation of Labeled Compounds 

p-Arabitol-1-C and p-arabitol-5-C' were prepared by reduction of 
D-arabonolactone-1-C'* (5, 12) and pD-lyxonolactone-1-C' (12), respectively, 
with sodium borohydride (21). -p-Glucose-1-C™ and pD-glucose-2-C™ were 
prepared by the cyanhydrin synthesis (8). 


Fermentations 


The organism used was a fast growing strain of osmophilic yeast belonging 
to the group previously found (19) to produce high yields of glycerol and 


1Manuscript received January 11, 1956. 
* Contribution from the National Research Council of Canada, Prairie Regional Laboratory, 
Saskatoon, Saskatchewan. Issued as Paper No. 218 on the Uses of Plant Products and as N.R.C. 
No. 3920. Part of a thesis presented by J. F. T. Spencer to the College of Graduate Studies, 
red of Saskatchewan, in partial fulfillment of the requirements for the degree of Doctor 
a sophy. 
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D-arabitol. The fermentations were run aerobically in modified Erlenmeyer 
flasks, as described previously by Neish (11), with a washed cell suspension of 
the above strain. 

The cells were grown for three days on a medium containing 20% glucose 
and 1% yeast extract, with a low rate of aeration. The cells from 300 ml. of 
broth were recovered and washed three times with 0.99% potassium chloride 
solution, and resuspended in 80 ml. of potassium chloride solution. 

Ten milliliters of this suspension was placed in the fermentation flask with 
1.0 gm. of labeled glucose and 0.025 gm. of yeast extract, and the volume made 
up to 30 ml. The flasks were placed in a water bath at 30°C. and shaken 
continuously with a Burrell shaker until the glucose was nearly utilized. 
Samples were taken from a control flask run in parallel to determine the end 
point of the fermentation. Under these conditions the products of glucose 
dissimilation were glycerol, D-arabitol, ethanol, carbon dioxide, and a small 
amount of succinic acid. 


Separation of Products 

The fermentation solution was acidified and the carbon dioxide was swept 
out with carbon-dioxide-free air into 20 meq. of carbonate-free sodium 
hydroxide. An aliquot of this solution was used for the determination of the 
radioactivity in the carbon dioxide. The solution was then clarified with zinc 
hydroxide and the precipitate containing the cells washed twice with water 
and dried. Ethanol was recovered from the cleared solution by distillation. 
The distillation residue was extracted with ether to remove succinic acid, 
which was purified by partition chromatography on a silicic acid — water 
column (10). 

The residue from the ether extraction was neutralized and evaporated until 
the salts began to crystallize. The latter were then precipitated with alcohol 
and removed by filtration. The filtrate and washings were evaporated to a 
small volume and transferred to a column of Amberlite IRA 400 resin, to 
separate residual glucose from the sugar alcohols (17). The effluent was 
evaporated to a small volume and the glycerol and D-arabitol separated on 
large sheets of Whatman No. 3 MM paper using a butanol — acetic acid — 
water mixture (7) as developing solvent. 


Degradation of Ethanol, Glycerol, and Succinic Acid 


Ethanol was oxidized to acetic acid with dichromate and the acetic acid 
was degraded by Phares’ (14) method. Glycerol was oxidized with periodic 
acid to formaldehyde and formic acid, the formaldehyde was precipitated as 
the dimedon derivative and oxidized by wet combustion with Van Slyke-Folch 
reagent (10), and the formic acid was oxidized to carbon dioxide with mercuric 
oxide and phosphoric acid, according to methods previously described by 
Neish (11). Succinic acid was decarboxylated with sodium azide by Strassman 
and Weinhouse’s (20) method to determine the radioactivity in the carboxy] 
groups, and the radioactivity in the methylene groups was determined by 
difference. 
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Degradation of p-Arabitol 


The D-arabitol was oxidized to D-xylulose with Acetobacter suboxydans, then 
the xylulose was fermented with Leuconostoc mesenteroides to an equimolar 
mixture of acetic and lactic acids by the same metabolic pathway as demon- 
strated previously for p-xylose (1). 

To the radioactive D-arabitol (containing from 0.1 to 1.0 pc.) inactive 
p-arabitol was added to make about 500 mgm. This was sterilized in 25 ml. 
of medium containing 0.5% tryptone and 10% liver extract in a 250 ml. 
Erlenmeyer flask. After inoculation with a loopful of A. suboxydans, PRL 
G1 (previously grown on a suitable nutrient agar plus D-arabitol) the sample 
was incubated at 30° C. for three days on a rotary shaker. The cells were 
removed by centrifugation and the solution containing the D-xylulose was 
passed through a Dowex-1-carbonate ion exchange resin to remove acids formed 
by A. suboxydans (it was found that about 10% of the p-arabitol was converted 
to acetic acid indiscriminately). The solution of xylulose was then sterilized by 
filtration through a sintered glass disk, transferred to a modified 500 ml. 
Erlenmeyer flask (11), and 2 ml. of a solution, containing washed cells of 
L. mesenteroides, PRL L33, in 10% tryptone plus 10% yeast extract, was 
added. About 200 mgm. of sterile calcium carbonate was added, then the 
flask was evacuated and filled with oxygen-free nitrogen several times. 
Incubation was at 30° C. on a rotary shaker for three to four days. Progress 
of the fermentation was followed by chromatographing small samples. 

To check this method, D-arabitol-1-C™ and pD-arabitol-5-C™ were degraded 
in this way, and the data are given in Table I. The method gives reliable 
results and can probably be used in degrading other sugar alcohols. 


TABLE I 


MICROBIOLOGICAL DEGRADATION OF C!4 
LABELED D-ARABITOL 











Substrate p-Arabitol-1-C!* p-Arabitol-5-C™ 

Recovery of acids as meq.* 

Acetic 0.44 0.53 

Lactic 0.43 0.54 
Distribution of C4 as % of the total 

Cc, 94.8 0.4 

C, 0 Trace 

C; 0.5 Trace 

Cy 0.1 Trace 

C; 4.6 99.4 








*Equimolar amounts of acetic and lactic acids should be recovered. 


Results and Discussion 


* The yields of glycerol and arabitol (Table II) obtained from the ‘resting 
cell’ suspensions were not as high as those obtained previously in growing 
cultures (19) but they were adequate for these experiments. The specific 
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D-arabitol. The fermentations were run aerobically in modified Erlenmeyer 
flasks, as described previously by Neish (11), with a washed cell suspension of 
the above strain. 

The cells were grown for three days on a medium containing 20% glucose 
and 1% yeast extract, with a low rate of aeration. The cells from 300 ml. of 
broth were recovered and washed three times with 0.99% potassium chloride 
solution, and resuspended in 80 ml. of potassium chloride solution. 

Ten milliliters of this suspension was placed in the fermentation flask with 
1.0 gm. of labeled glucose and 0.025 gm. of yeast extract, and the volume made 
up to 30 ml. The flasks were placed in a water bath at 30°C. and shaken 
continuously with a Burrell shaker until the glucose was nearly utilized. 
Samples were taken from a control flask run in parallel to determine the end 
point of the fermentation. Under these conditions the products of glucose 
dissimilation were glycerol, D-arabitol, ethanol, carbon dioxide, and a small 
amount of succinic acid. 


Separation of Products 

The fermentation solution was acidified and the carbon dioxide was swept 
out with carbon-dioxide-free air into 20 meq. of carbonate-free sodium 
hydroxide. An aliquot of this solution was used for the determination of the 
radioactivity in the carbon dioxide. The solution was then clarified with zinc 
hydroxide and the precipitate containing the cells washed twice with water 
and dried. Ethanol was recovered from the cleared solution by distillation. 
The distillation residue was extracted with ether to remove succinic acid, 
which was purified by partition chromatography on a silicic acid — water 
column (10). 

The residue from the ether extraction was neutralized and evaporated until 
the salts began to crystallize. The latter were then precipitated with alcohol 
and removed by filtration. The filtrate and washings were evaporated to a 
small volume and transferred to a column of Amberlite IRA 400 resin, to 
separate residual glucose from the sugar alcohols (17). The effluent was 
evaporated to a small volume and the glycerol and D-arabitol separated on 
large sheets of Whatman No. 3 MM paper using a butanol — acetic acid — 
water mixture (7) as developing solvent. 


Degradation of Ethanol, Glycerol, and Succinic Acid 

Ethanol was oxidized to acetic acid with dichromate and the acetic acid 
was degraded by Phares’ (14) method. Glycerol was oxidized with periodic 
acid to formaldehyde and formic acid, the formaldehyde was precipitated as 
the dimedon derivative and oxidized by wet combustion with Van Slyke-Folch 
reagent (10), and the formic acid was oxidized to carbon dioxide with mercuric 
oxide and phosphoric acid, according to methods previously described by 
Neish (11). Succinic acid was decarboxylated with sodium azide by Strassman 
and Weinhouse’s (20) method to determine the radioactivity in the carboxy] 
groups, and the radioactivity in the methylene groups was determined by 
difference. 
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Degradation of p-Arabitol 


The D-arabitol was oxidized to D-xylulose with Acetobacter suboxydans, then 
the xylulose was fermented with Leuconostoc mesenteroides to an equimolar 
mixture of acetic and lactic acids by the same metabolic pathway as demon- 
strated previously for D-xylose (1). 

To the radioactive D-arabitol (containing from 0.1 to 1.0 wc.) inactive 
p-arabitol was added to make about 500 mgm. This was sterilized in 25 ml. 
of medium containing 0.5% tryptone and 10% liver extract in a 250 ml. 
Erlenmeyer flask. After inoculation with a loopful of A. suboxydans, PRL 
G1 (previously grown on a suitable nutrient agar plus D-arabitol) the sample 
was incubated at 30° C. for three days on a rotary shaker. The cells were 
removed by centrifugation and the solution containing the D-xylulose was 
passed through a Dowex-1-carbonate ion exchange resin to remove acids formed 
by A. suboxydans (it was found that about 10% of the b-arabitol was converted 
to acetic acid indiscriminately). The solution of xylulose was then sterilized by 
filtration through a sintered glass disk, transferred to a modified 500 ml. 
Erlenmeyer flask (11), and 2 ml. of a solution, containing washed cells of 
L. mesenteroides, PRL L33, in 10% tryptone plus 10% yeast extract, was 
added. About 200 mgm. of sterile calcium carbonate was added, then the 
flask was evacuated and filled with oxygen-free nitrogen several times. 
Incubation was at 30° C. on a rotary shaker for three to four days. Progress 
of the fermentation was followed by chromatographing small samples. 

To check this method, D-arabitol-1-C™ and p-arabitol-5-C“ were degraded 
in this way, and the data are given in Table I. The method gives reliable 
results and can probably be used in degrading other sugar alcohols. 


TABLE I 


MICROBIOLOGICAL DEGRADATION OF C!# 
LABELED D-ARABITOL 








Substrate p-Arabitol-1-C!* p-Arabitol-5-C™ 








Recovery of acids as meq.* 


Acetic 0.44 0.53 
Lactic 0.43 0.54 
Distribution of C4 as % of the total 

‘1 94. 0.4 
Cc. 0 Trace 
C; 0.5 Trace 
_ ae 0.1 Trace 
C; 4.6 99.4 





*Equimolar amounts of acetic and lactic acids should be recovered. 


Results and Discussion 


* The yields of glycerol and arabitol (Table I1) obtained from the ‘resting 
cell’ suspensions were not as high as those obtained previously in growing 
cultures (19) but they were adequate for these experiments. The specific 
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TABLE II 


DISSIMILATION OF D-GLUCOSE BY OSMOPHILIC YEAST 








Specific activity myc./mM. of product 





Millimoles of 





Product product* From glucose-1-C* | From glucose-2-C'* 
Initial glucose 5.55 1080 936 5 
Final glucose 0.58 — — 20 
Ethanol 3.19 ‘ 404 409 Be 
Glycerol 0.93 314 281 ey 
p-Arabitol 1.30 436 550 
Succinic acid 0.08 758 496 
Cell carbon 28.25 49.7 33.3 
Carbon dioxide 6.82 205 48.7 





*The data in this column were obtained from the dissimilation of D-glucose-1-C'%; 94% of the 
tsotopic carbon was recovered in the products listed above. 
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Products Glucose-1-C'* Glucose-2-C"™ % 
Glycerol 
CH:OH 99.2 5.0 
—CHOH— 0.8 95.0 
Ethanol 5; 
— 99.2 6.0 c 
—CH.OH 0.8 94.0 FS 
p-Arabitol ? : 
Cc, 57.3 59.4 a 
C2 1.2 21.4 : 
; 11 1.2 ee 
e, 0.6 13.5 F 
C; 39.8 4.5 % 


Succinic acid 
—COOH 30.0 70. 
—CH.— 70.0 29. 


bm oO 





activities of the products (Table III) indicated that the dissimilation of Z 


glucose was not achieved by a single route. For example, the carbon dioxide i 
formed from glucose-1-C'* would not contain any appreciable amounts of C™ if Pe 
it were formed only by reactions of the classical Embden—Meyerhof—Parnas e 


scheme. On the other hand, if it originated entirely by decarboxylation of 
6-phosphogluconate, formed by the oxidative pathway (15), it would have an 
activity equal to that of the original glucose. Neither of these pathways 
would give labeled carbon dioxide from glucose-2-C™, yet the carbon dioxide 
isolated from that fermentation contained an appreciable amount of C*. 
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An examination of the distribution of C in the products (Table III) 
suggests that both of the pathways mentioned above are operative. The 
distribution of Cin both ethanol and glycerol agree with the assumption that 
they both were formed mainly from triose phosphate which originated by 
Embden-—Meyerhof reactions (Fig. 1A). This was true whether glucose-1-C' 
or glucose-2-C™ was used. 

The distribution of C in succinic acid could be accounted for qualitatively 
by assuming its formation from labeled pyruvate produced via the Embden- 
Meyerhof scheme. 


At first sight, it is difficult to see how the arabitol could have been formed 
by reduction of pentose phosphate formed by the oxidative pathway, since 
p-glucose-1-C'* would be expected to give unlabeled arabitol while glucose-2-C"* 
would be expected to give D-arabitol-1-C'*. However if allowance is made for 
the action of the enzyme transketolase it is possible to explain the distribution 
of C" actually found in the arabitol. 


The reactions postulated to explain the results in Tables II and III are 
shown diagrammatically in Fig. 1. Cleavage of hexose diphosphate to triose 
phosphate (Fig. 1A) by aldolase is postulated to explain the labeling found in 
ethanol and glycerol. Conversion of glucose-6-phosphate to carbon dioxide 
and pentose-5-phosphate (Fig. 1B) explains the presence of C™ in the carbon 
dioxide formed from glucose-1-C'. The pentose phosphate is presumably 
D-ribulose-5-phosphate which is assumed to give rise to D-arabitol by reduction 
and dephosphorylation. However, in the presence of transketolase, a number 
of carbon skeleton changes may take place before the conversion to arabitol 
occurs. The pentose may be cleaved (Fig. 1B) and the ‘‘active glycolaldehyde”’ 
(16) can be transferred to a molecule of triose phosphate. Transketolase may 
also act on fructose-6-phosphate (Fig. 1C) to form erythrose-4-phosphate and 
another “‘active glycolaldehyde’”’. Triose phosphate formed as in Fig. 1A may 
act as an acceptor for this “active glycolaldehyde’’. This is the only reaction 
leading to the formation of arabitol labeled in carbon-1 and carbon-5 from 
glucose-1-C™ and in carbon-2 and carbon-4 from glucose+2-C'™. In addition, 
the erythrose-4-phosphate formed (Fig. 1C) may act as an acceptor (9) for 
“active glycolaldehyde”’ to give hexose monophosphate. This may either be 
split to form carbon dioxide and pentose phosphate, or may be converted to 
hexose diphosphate and split to form two molecules of triose phosphate (Fig. 
1D), which can also react with “active glycolaldehyde”. These reactions can 
be used to account for the presence of C™ from glucose-2-C™ in carbon dioxide 
and in carbon-5 of arabitol. 


If all the reactions postulated occur, then seven skeletal types of D-ribulose-5- 
phosphate can arise (Fig. 1E). The distribution of C' actually found in the 
D-arabitol can be explained by the assumption that it was formed from these 
types of ribulose phosphate. Carbon-1 of glucose should be found only in 
carbons-1 and -5 of arabitol, and carbon-2 of glucose should be found in 
carbons 1, 2, and 4, and to a lesser extent in carbon-5. The results agree 
fairly well with these predictions. 
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Fic. 1. Hypothetical carbon skeleton changes associated with arabitol formation by 
osmophilic yeasts. P indicates a phosphate group; numbers correspond to carbon atoms 
from original glucose. 

A. C;-C; split catalyzed by aldolase. 

B. (C.-C; split through the oxidation pathway, and subsequent ‘‘active glycolalde- 

hyde’’ formation. 

C. C.-C, split, with “active glycolaldehyde” formation catalyzed by transketolase. 

D. Resynthesis of hexose phosphate, catalyzed by transketolase, and subsequent 

possible enzymatic reactions. - 

E. Possible five-carbon skeleton combinations. 
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The reactions postulated are all known to occur in bakers’ or brewer's yeast e 
except for the conversion of pentose phosphate to D-arabitol. It might be I) 
concluded that the enzyme composition of osmophilic yeasts differs from that . 
of ordinary yeasts quantitatively rather than qualitatively except that the ¢ 
osmophilic yeasts contain a dehydrogenase found only in very low concentra- 
tions in the common strains of Saccharomyces cerevisiae. The finding of 










& 


Binkley and Wolfrom (4) that p-arabitol and erythritol were present in minute 
traces in molasses residues after removal of sugar by yeast fermentation is in 
agreement with this idea. 

As has been shown (19) some of these osmophilic yeasts produce D-arabitol 
with only traces of erythritol; some produce erythritol and little p-arabitol; 
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and some produce both compounds. ‘The relative yields of the two polyhydric 
alcohols are influenced both by external factors (18) and by inherent enzymatic 
composition, neither of which have as yet been completely studied. The 
enzymatic content of the yeast strains in these three groups probably differs 
only quantitatively such that under similar fermentation conditions the 
production of one or the other polyol is favored. All the osmophilic yeasts 
have in common, as previously mentioned, an active enzyme system reducing 
tetroses, pentoses, and hexoses to the corresponding sugar alcohols, and strains 
of the different groups may differ only in possessing dehydrogenases prefer- 
entially reducing one or the other of the above compounds. 

In conclusion, it is of interest to point out that work recently done in these 
laboratories on the metabolism of labeled sugars in three different living 
systems has given results that can be explained readily by postulating 
transketolase reactions. The changes studied were the dissimilation of labeled 
pentose by Aerobacter aerogenes (3), the conversion of labeled pentose to 
cellulose in wheat plants (2) and the conversion of glucose to p-arabitol by 
osmophilic yeasts as discussed in this paper. The results of these investiga- 
tions suggest that transketolase plays an important role in living cells. 
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C“O, ASSIMILATION IN LILIUM REGALE WITH REFERENCE 
TO y-METHYLENEGLUTAMIC ACID! 


By MARGARET E. WICKSON? AND G. H. N. Towers? 


Abstract 


It was found that y-methyleneglutamic acid, y-methylglutamic acid, and 
their keto-acid analogues are natural constituents of Lilium regale. These 
compounds were not present in the seed but appeared soon after germination. 
It was shown that, in seedlings, these compounds are not formed from 
atmospheric carbon dioxide either in the light or in the dark. This was shown 
also for excised leaves under a variety of conditions. In entire young plants 
a synthesis of y-methyleneglutamic acid was demonstrated in the bulbs and 
roots. The keto-acid analogue was synthesized in all parts of the plant including 
the leaves. The results suggest that the accumulation of y-methyleneglutamic 
acid in leaves is through transport from the subterranean organs of the plant 
where it is synthesized. 


Introduction 


In addition to the two well-known amides, asparagine and glutamine, a 
third has now been found to occur naturally in plants. Done and Fowden 
(1, 2) isolated and identified y-methyleneglutamine together with the corre- 
sponding free amino acid, y-methyleneglutamic acid, from the peanut plant 
(Arachis hypogaea) in 1951. Since then these compounds have been isolated 
(13) from tulip (Tulipa gesneriana) and identified (8) in the hop plant 
(Humulus lupulus). It has been shown also that the related keto acid, 
a-keto-y-methyleneglutaric acid, occurs naturally in both the peanut plant 
(6) and the tulip (11). 

In the course of a study of plant keto acids chromatographic evidence was 
obtained (10) for the presence of a-keto-y-methyleneglutaric acid in the lily 
(Lilium elegans var. grandiflorum). We have since detected this keto acid ina 
few other liliaceous plants (see Table 1). Analysis of the 80% ethanol- 
soluble fractions of these plants by paper chromatography revealed also the 
presence of y-methyleneglutamic acid and sometimes the amide, y-methylene- 
glutamine. Lilium regale Wilson, in particular, appears to contain relatively 
large amounts of the keto acid and the amino acid and suggested to us a good 
source of plant material for a study of these unsaturated branched-chain 
acids. Fowden (4), after considerable study, believes that y-methylene- 
glutamine and y-methyleneglutamic acid play an important role in the 
nitrogen metabolism of the peanut plant. 

This report is an account of the identification of y-methyleneglutamic acid 
and related acids in Lilium regale. Also reported here are the results of 
preliminary experiments relating to the metabolism of these compounds in 
this plant. 


1Manuscript received January 3, 1956. 
Contribution from the Botany Department, McGill University, Montreal, Canada. Part of 
a thesis submitted by the junior author to McGill University in May, 1955, in partial fulfillment of 
the requirements for the degree of Master of Science. 
2Present address, Biological Laboratories, Harvard University, Cambridge, U.S.A. 
3A ssistant Professor, Botany Department, McGill University. 
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TABLE I 


OCCURRENCE OF ‘Y-METHYLENEGLUTAMINE (MG), Y-METHYLENEGLUTAMIC ACID (MGA), 
AND Q@-KETO-Y-METHYLENEGLUTARIC ACID (KMGA) IN MEMBERS OF THE LILIACEAE 








Species 7-MG y-MGA a-KMGA 





Allium cepa L. 

Bowiea volubilis Harv. 
Erythronium americanum Ker. 
Eucharis grandiflora Planch. 
Hemerocallis sp. 

Lilium giganteum Wall 
Lilium elegans Thunb. var. grandiflorum - 
Lilium henryi Baker _ 
Lilium longiflorum Thunb. _ 
Lilium regale Wilson + 
Lilium sargentiae Wilson ~ 
Trillium erectum L. 
Tulbaghia violacea Harv. a 
Agapanthus umbellatus L'Herit. - 


t+t++++ i 


+ 





Note: Fowden (5) has reported the presence of these compounds in Fritillaria and Haworthia 
spp. 


Material and Methods 
Plant Material 
Lilium regale seed was germinated on moist filter paper in Petri dishes. 
The seedlings were subsequently transferred to soil in the greenhouse. Mature 
leaves were obtained from plants grown from bulbs. 


Detection and Identification of Amino Acids and Keto Acids 
Plant material was divided into two comparable lots for analyses in each 


experiment; one set of plants was analyzed for amino acids and the second 
set for keto acids. 


Amino Acids 


The material was killed by immersion in boiling 80% ethanol and macerated 
in a Waring Blendor. The macerated material was filtered and the filtrate 
evaporated to dryness at room temperature in a stream of air. The residue 
obtained was dissolved in water and passed through a bed of ion-exchange 
resin Amberlite IR-120(H*+) (Rohm & Haas). Amino acids were eluted from 
the resin with 4% ammonium hydroxide and chromatographed on Whatman 
No. 1 paper by the ascending method using water-saturated phenol as a solvent 
for the first direction and a 3 : 1 : 2 mixture of collidine: lutidine: water as 
solvent for the second direction. 


Keto Acids 


Keto acids were determined by the method of Towers, Thompson, and 
Steward (12). The keto acids were fixed as 2,4-dinitrophenylhydrazones and 
an aliquot of the extracted hydrazones was chromatographed. The upper 
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phase of a 9:1:4 mixture of tertiary amyl alcohol: ethanol: water was 
found to be a useful solvent mixture. The remainder of the extract was 
subjected to hydrogenolysis to yield the corresponding amino acids, which 
were identified by paper chromatography in the manner described above. 


Methods Involving the Use of Carbon 


A small vacuum desiccator served as a photosynthetic chamber. CO, 
was generated in a Warburg vessel containing 1% perchloric acid in the main 
compartment and NasC™Os; in the side-arm. ‘ Fifty microcuries of C™ was 
used in each experiment. After suitable exposure to C"O, the plant material 
was analyzed for amino acids and keto acids in the manner already described. 
Radioautographs of the amino-acid and keto-acid chromatograms were 
prepared and radioactivity determinations were made using a Berkeley 
Decimal Scaler with a thin end-window G.M. tube. 


Experimental and Results 


(7) Distribution of y-Methyleneglutamic Acid in L. regale 

y-Methyleneglutamic acid was found to occur in the 80% ethanol-soluble 
fraction of all parts of the plant with the exception of the seed. Table II 
shows that it appeared on germination and soon after increased in amount. 
Acid hydrolysis of the 80% ethanol-insoluble fraction of seeds and other 
parts of the plant showed that y-methyleneglutamic acid was not present 
in protein. 

The amide, y-methyleneglutamine, was detected only in trace amounts. 
The lack of pronounced amide synthesis in L. regale is interesting in view of 
its high rate of synthesis in the peanut (4). 

Chromatographic evidence was obtained for the presence of y-methyl- 
glutamic acid in these extracts. A small amount was isolated on sheets of 
Whatman No. 1 paper and its chromatographic behavior was found to be 
identical with that of synthetic y-methylglutamic acid. Fowden (5) has also 
identified this amino acid in liliaceous plants. 


TABLE II 


AMINO ACIDS OF THE 80% ETHANOL-SOLUBLE FRACTION OF 
Lilium regale SEEDS AND SEEDLINGS 








Presence of amino acid (+) 











Dry Seed Seedling Seedling Seedling Seedling 

Amino acid seed soaked 0.1-0.7 cm. 1.3-3.0 cm. 3.0 cm. 5.0 cm. 
Glycine Trace Trace 
Serine Trace Trace 
Alanine - > + ~ Zo 
Aspartic + 
Glutamic +* + + Trace Trace Trace 
-Methyleneglutamic + + +* +* 
-Methylglutamic + + + + 
Leucines a ~ + 





* Amino acid present in large amounts on chromatogram. 
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(ii) Isolation of y-MMethyleneglutamic Acid 

A mixture of leaves, bulbs, and roots (extracted dry weight 33.4 gm.) was 
ground in a Waring Blendor under 80° ethanol. The extract (2 liters) was 
filtered and the filtrate evaporated to dryness at room temperature. ‘The 
residue so obtained was dissolved in water and extracted with chloroform. 
The chloroform extract was discarded and the aqueous layer was passed 
through a column of Amberlite IR-120(H*) resin. The amino acids were 
eluted from the resin with 4% ammonium hydroxide. Excess ammonia was 
removed from the eluate by passing a rapid stream of air through it. The 
solution was then passed on to a column of Dowex 50(H*) resin. The resin 
was well washed with large volumes of water and the amino acids eluted with 
1% hydrochloric acid. The eluate was collected in 25 ml. fractions and the 
amino acids in each fraction were determined by small-scale paper chromato- 
graphy. Fractions 46-50 consisted of a mixture of glutamic acid and the 
substance believed to be y-methyleneglutamic acid (yellow color with 
ninhydrin). Fractions 60-72 contained only the latter amino acid, and were 
consolidated and evaporated to dryness. The residue was dissolved in 80°, 
ethanol and the amino acid precipitated by the addition of acetone. The 
white solid so obtained was found to be contaminated with inorganic material. 
It was redissolved in water and passed through a small column of Dowex-1 
(CH;COO-) resin. The effluent was discarded and the amino acid eluted 
with 1% hydrochloric acid. The eluate was evaporated to dryness, the 
residue dissolved in 80% ethanol, and the amino acid precipitated by the 
addition of acetone. Recrystallization from this solvent mixture gave a white 
powder which was free from inorganic material and which gave only one 
ninhydrin reactive spot on paper chromatography. The substance was found 
to be sparingly soluble in water and dissolved to give a strongly acid solution. 
It exhibited the same solubility and chromatographic properties as those 
of a sample of synthetic D,L-y-methyleneglutamic acid. Reduction with 
hydrogen and platinum oxide yielded an amino acid identical in chromato- 
graphic behavior with synthetic y-methylglutamic acid obtained by similar 
reduction of synthetic y-methyleneglutamic acid. Infrared spectra of the 
isolate and synthetic y-methyleneglutamic acid were compared and were 
found to be identical. 


(11t) Keto Acids of L. regale 

Chromatograms of the keto-acid derivatives of L. regale proved to be more 
difficult to interpret than those of other plants which have been studied by 
these methods (11). In addition to pyruvic and a-ketoglutaric acids (and 
oxaloacetic acid on radioautographs) two other keto acids were detected as 
their 2,4-dinitrophenylhydrazones. Slight changes in the solvent mixture had 
a marked effect on relative rates of movement and the incorporation of 
ammonia vapors in the solvent chamber was found to give a poorer separation 
of the dicarboxylic keto-acid hydrazones (see Table III). 
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TABLE III 


RELATIVE RATES OF MOVEMENT ON PAPER CHROMATOGRAMS OF 
KETO-ACID 2,4-DINITROPHENYLHYDRAZONES 


Chromatograms developed by the ascending method for 10 hr. on 
Whatman No. 1 paper strips 13 cm. long 





Distance travelled by compound 
Length of paper strip 

















. Solvent 
2,4-Dinitrophenylhydrazone (a) (b) (c) 
a-Keto-y-methyleneglutaric 0.13-0. 16 0.07 0.06 
Oxaloacetic 0.20 0.23 0.11 
a-Ketoglutaric 0.21-0.25 0.26 0.06 
a-Keto-y-methylglutaric 0.32-0.40 0.40 0.11 
Pyruvic (slow spot*) 0.39-0. 50 0.40 0.43 
Glyoxylic (slow spot*)t 0.39 — 0.31 
Phenylpyruvict 0.88 = 0.83 
SOLVENTS: (a) = t-amyl alcohol: ethanol: water, 9: 1:4. Temperature of chamber 23°-25° C, 
b) = asin(a). Temperature of chamber 5° C. 
(c) = n-butanol equilibrated with 6% (v/v) NH,OH. Temperature of chamber 
as’ ©... (). 


*Although each of pyruvic and glyoxylic 2,4-dinitrophenylhydrazones often give two spots (syn- 
and anti-tsomers), the rate of movement of the faster spots on these chromatograms was not 
determined because they were inclined to streak. 

tThese compounds not detected in L. regale extracts. 


(tv) Identification of a-Keto-y-methyleneglutaric Acid 

Small amounts of the 2,4-dinitrophenylhydrazone were isolated from paper 
chromatograms and hydrogenated (12). On chromatographing the products 
two ninhydrin reactive spots were obtained, a main one which could not be 
resolved from synthetic y-methylglutamic acid in three different solvent 
systems and a subsidiary one believed to be a-methyl-y-aminobutyric acid 
arising from decarboxylation during hydrogenolysis (12). Oxidation of the 
hydrazone with hydrogen peroxide yielded one organic acid which could not 
be resolved from malonic acid in three solvent systems. Fowden (6) has 
indicated the manner in which malonic acid would be the expected product 
from oxidation of the hydrazone of a-keto-y-methyleneglutaric acid. 


(v) Identification of a-Keto-y-methylglutaric Acid 

Thirty milligrams of the 2,4-dinitrophenylhydrazone was isolated on 
cellulose columns using /-amyl alcohol equilibrated with 7% ammonium 
hydroxide as solvent. A chromatographically pure sample had a melting 
point of 213°-214°C. uncorr. Its chromatographic behavior suggested a 
dicarboxylic keto acid (see Table III). Hydrogenolysis yielded two amino 
acids indistinguishable from the two obtained on hydrogenolysis of a-keto- 
y-methyleneglutaric acid hydrazone. Oxidation with hydrogen peroxide 
yielded small amounts of two acidic compounds, one of which could not be 
resolved from methylsuccinic acid on paper chromatograms. Methylsuccinic 
acid is the expected product from oxidation with hydrogen peroxide of a-keto- 
y-methylglutaric acid 2,4-dinitrophenylhydrazone. 
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(vi) Distribution of Keto Acids 

Both a-keto-y-methyleneglutaric acid and a-keto-y-methylglutaric acid 
were absent from seed but appeared soon after germination. They were found 
in all parts of the plant including the bulb scales and the roots. 


(vit) CO, Fixation in the Light and in the Dark by Seedlings and Excised 

Leaves 

Seedlings or excised leaves were exposed to COs in the light or in the dark 
for various periods and the plant material subsequently fractionated and 
analyzed as described. The results obtained from radioautographs of amino- 
acid chromatograms are given in Table IV. It can be seen that even after 
24 hr. y-methyleneglutamic acid did not become radioactive. The distribution 
of radioactivity in the amino-acid fraction is similar to that known to occur 
in other plants. Acid hydrolysis of the 80°% ethanol-insoluble fraction followed 
by ion-exchange separation of amino acids showed tyrosine to be radioactive 
on chromatograms in addition to the other radioactive amino acids listed in 
Table IV. Radioautographs of keto-acid 2,4-dinitrophenylhydrazones showed 
that although pyruvic acid was labelled in all experiments, a-keto- 
‘y-methyleneglutaric acid was never labelled. 


(vizi) Effect of Ammonium Nitrate Feeding on Keto Acids and Amino Acids 

of Seedlings 

Seeds were germinated on washed sterile sand and watered from time to 
time with a mineral nutrient solution free of any source of nitrogen. After 
35 days the plants were removed. One lot was transferred to a beaker of 
distilled water and the other to a 0.2% solution of ammonium nitrate. The 
beakers were placed in a large desiccator and allowed to photosynthesize in 
the presence of C"O. for seven hours. The plants were then analyzed for 
keto acids and free amino acids. Table V shows that, on a per leaf basis, 
there was twice as much assimilation of radiocarbon in the plants fed nitrogen 
as in the controls. This was reflected also in the free amino-acid fraction. 
However, the total radioactivity in the keto-acid fraction was the same in 
both the treated and the control plants. ‘y-Methyleneglutamic acid was not 
radioactive under either of these conditions. 


(ix) Distribution of Radioactivity in Leaves, Bulbs, and Roots of Young Plants 

After Assimilation of COs 

Four-month-old plants which had been grown in soil were used. A number 
of plants were removed with soil attached and transferred to the photo- 
synthetic chamber. Fifty microcuries of CO. were passed into the chamber 
(a vacuum desiccator) and after four hours in the light the lid was removed 
and the plants allowed to remain overnight in the open chamber. The 
following morning (24 hr. after the plants had been exposed to C"O:) one 
plant was removed and cut into three portions, leaf blades, leaf bases plus 
bulb, and roots. Each of these portions was analyzed separately for radio- 
activity, and chromatograms and radioautographs of the free amino acids 
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rABLE V 


EFFECT OF NH,NO; FEEDING ON CQ, ASSIMILATION IN THE LIGHT BY SEEDLINGS 


(Plants grown from seed for 35 days without external nitrogen source and then given 
50 uc.CO, for seven hours in the light. ‘Treated plants fed 0.2, NHyNOs;) 


Radioactivity (c.p.m. per leaf) 
Total 80°% ethanol 
Material soluble fraction Amino acids Keto acids 
Control 69 , 800 2060 $50 
Treated 130 ,000 4090 $50 
(0.2% NH«NO;) 





prepared. The lid of the chamber was replaced and the remaining plants 
treated with a further dose of C"Os (85 ywe.). After four hours in the light 
the chamber lid was removed and the chamber transferred to the greenhouse. 
Plants were harvested at approximately 24 hr. intervals for the next three 
days and the leaves, bulbs, and roots analyzed separately for amino acids. 
Finally on the sixth day one plant was harvested as before for amino-acid 
analysis and a second set of plants analyzed for keto acids. 

A study of radioautographs showed that y-methyleneglutamic acid became 
radioactive in the bulb and roots after 24 hr. This compound was not radio- 
active in the leaf even after 144 hr. The distribution of radioactivity in the 
keto-acid fraction of plants harvested on the sixth day was as follows: 
Pyruvate, oxaloacetate, and a-ketoglutarate were radioactive in all parts of 
the plant. a-Keto-y-methyleneglutaric and a-keto-y-methylglutaric acid 
were also radioactive in all parts of the plant, most noticeably in the bulb. 


Discussion 


A possible origin of a-keto-y-methyleneglutaric acid is by the condensation 
of two molecules of pyruvic acid to form parapyruvate with the subsequent 
loss of a molecule of water (6,10). In this connection the recent identification 
(7) of parapyruvic acid and its amino-acid analogue, y-hydroxy-y-methyl- 
glutamic acid in plants is of considerable interest. 

In the experiments reported herein, however, radioactive pyruvate was 
formed readily from C™“O, in young seedlings at the stage when they were 
rapidly synthesizing a-keto-y-methyleneglutaric acid, but neither a-keto- 
‘-methyleneglutaric acid nor y-methyleneglutamic acid was tagged under 
these conditions. These compounds therefore do not appear to be formed 
from photosynthetically produced pyruvate at this stage of growth. The 
source of carbon for the synthesis of a-keto-y-methyleneglutaric acid may be 
found in intermediates formed during the conversion of seed protein to 
vegetative tissue protein as has been suggested for Arachis by Fowden (4). 

‘Excised leaves also failed to yield radioactive a-keto-y-methyleneglutaric 
acid or y-methyleneglutamic acid after assimilation of COs in the light or 
the dark. It is possible that, with the altered metabolism attendant on 
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excision, the mechanism for synthesis was impaired. Alternatively, it is 
possible that the amino acid is not synthesized in the leaf but is transported 
there from other sources of synthesis. 

That the leaf is probably not the locus of synthesis of the amino acid is 
shown from the experiment in which entire plants were used. Small amounts 
of radioactive y-methyleneglutamic acid were detected in the bulb and roots 
after 24 hr. but even after 144 hr. this compound was not radioactive in the 
leaf. The keto acid, however, was radioactive in all parts of the plant. This 
demonstration of synthesis of an amino acid in the subterranean organs of a 
plant resembles the synthesis of a number of alkaloids which has been shown 
to take place in roots (9). 

The presence of y-methyleneglutamic acid in leaves of L. regale then is 
probably due to its transport from the bulb and possibly from the roots as 
well. Appreciable amounts of y-methyleneglutamine occur in the exudate 
obtained from decapitated peanut plants (1), which suggests that in this 
plant also, synthesis of these nitrogen compounds may occur in the roots. 

The presence, in L. regale, of comparatively large amounts of a keto acid 
identified as a-keto-y-methylglutaric acid, as well assmall amountsof y-methyl- 
glutamic acid is of some interest. The structural similarity between a-keto- 
y-methyleneglutaric acid, a-keto-y-hydroxy-y-methylglutaric acid, and 
a-keto-y-methylglutaric acid are obvious but the mechanism of their inter- 
conversions remains to be investigated. 
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THE ROLE OF KETO ACIDS IN PHOTOSYNTHETIC 
CARBON DIOXIDE ASSIMILATION! 


By G. H. N. Towers? anp D. C. MortimmMer 


Abstract 


Of the keto acids identified in leaves of sugar beet and other plants exposed 
to C0, pyruvic acid was found to be the only one labelled in light periods up 
to 45 sec. a-Ketoglutaric and glyoxylic acids became radioactive after about 
45 sec. Radioactive hydroxypyruvate was not identified under these conditions 
and labelled oxaloacetate was detected only in trace amounts after 60 sec. in 
Scenedesmus. In contrast glycine and serine were labelled after 10 sec. under 
comparable conditions and aspartic acid was appreciably labelled after 30 sec. 
The effect on the radioactivity of the keto acids of an additional period in 
tracer-free air, with and without light, as well as the dark incorporation of C'4O. 
was studied. These results are discussed in relation to the role of the keto 
acids in photosynthesis. It is concluded that the synthesis of amino acids such 
as glycine, serine, and aspartic acid may be effected by mechanisms other than 
transamination in green leaves in the light. 


Introduction 


Although the keto acids glyoxylic, pyruvic, hydroxypyruvic, oxaloacetic, 
and a@-ketoglutaric acids have been regarded as possible intermediates in the 
pathway for photosynthetic carbon assimilation (1, 2, 7, 11), there is very 
little direct evidence for their participation in the scheme. Phosphoenolpyruvic 
acid has been suggested as one of the first products of carbon dioxide assimila- 
tion in algae because the compound becomes radioactive after very brief 
exposures to radioactive carbon dioxide (3). The conversion of radioactive 
glycolic acid to glycine and serine has been shown to proceed through glyoxylic 
acid in wheat and barley leaves (12), and the transformation of pyruvic acid 
to alanine, serine, and glycine has been demonstrated in tobacco leaves (9). 
That transaminase systems involving all of the above keto acids are active in 
plants has been shown by isotopic and chromatographic methods (15). 

We had observed in sugar-beet leaves that a consistently high proportion 
of the assimilated carbon dioxide was rapidly converted into glycine and 
serine, while the incorporation into alanine and aspartic acid was much less 
significant. It was of interest, therefore, to determine whether the correspond- 
ing keto acids were indeed the precursors to these amino acids, and also what 
importance they had in the pathway of photosynthetic carbon dioxide 
assimilation. This report is the result of experiments with sugar beet and 
other plants in which the keto-acid fraction was isolated and analyzed for 
radioactivity following exposures to C“O2 under various conditions. 


Materials and Methods 


The sugar-beet plants (var. ‘Klein Wanzleben’) were grown in the green- 
house on sand irrigated with a modified Hoagland’s medium. The other 
plants mentioned were raised in soil in the greenhouse. Scenedesmus obliquus 
D; was cultured in a reciprocating shaker apparatus of the Berkeley type (5). 

1Manuscript received January 18, 1956. ; 

Contribution from the Division of Applied Biology, National Research Laboratories, Ottawa, 
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*Visiting Professor, 1954, from the Botany Department, McGill University, Montreal, Quebec. 
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Isolation and Identification of Keto Acids 

The leaves (1.5-3.5 gm.) were killed and extracted by maceration in a 
Waring Blendor containing 150 ml. of 95% ethanol, 10 ml. of a saturated 
solution of 2,4-dinitrophenylhydrazine in 2 N hydrochloric acid, and 1 ml. of 
concentrated hydrochloric acid. The mixture was filtered with suction and the 
filtrate reduced in volume to 15 ml. in an air jet. The residue was taken up 
in 100 ml. of water and extracted with ethyl acetate (one 100 ml. and two 
50 ml. portions). The combined ethyl acetate extracts were washed 
with water, then extracted with 1% sodium carbonate solution (one 
100 ml. and one 50 ml. portion). The carbonate solution was acidified to 
pH 2, and re-extracted with ethyl acetate. This ethyl acetate extract was 
freed of sodium chloride by water washing, and taken to dryness in an air jet. 
During the evaporation, water which separated was removed with a fine 
syringe. The residue was dissolved in 1 ml. of 95% ethanol. Aliquots of this 
solution of purified keto-acid dinitrophenylhydrazones were taken for 
chromatography, radioactivity measurements, and hydrogenolysis. 

Hydrogenolysis was carried out at room temperature and pressure in an 
all-glass apparatus. A 0.7 ml. aliquot of the alcohol solution was transferred 
to the vessel, and washed in with 2 ml. of ethanol. About 25 mgm. of Adam’s 
catalyst (platinum oxide) was washed into the flask with 30 ml. of water. 
The vessel was shaken until hydrogen uptake ceased (two to three hours). 

The hydrogenated mixture was filtered, evaporated to dryness at room 
temperature in an air jet, and finally dissolved in 1 ml. of water.* Aliquots 
were taken for chromatography and radioactivity measurements. 


Chromatography 


Samples were placed on Whatman No. 1 paper, 13 X 13 cm. and developed 
(ascending) in small American museum jars (6 X 6 X 34 in.). For the 
dinitrophenylhydrazones, the solvent was fert-amyl alcohol: ethanol: water 
(9 : 1 : 2), with a small vial of ammonia in the jar. The amino acids resulting 
from hydrogenolysis were separated in a two-directional system consisting of 
phenol saturated with water, followed by collidine: lutidine: water (3 : 1 : 2). 
With both kinds of sample, standards were added to one of the sheets in the 
jar. Individual keto-acid hydrazones were eluted from chromatograms with 
a 1 : 1 mixture of ethanol and ammonium hydroxide with 90 to 95% recovery. 

Total 80% ethanol solubles were run by ascending chromatography on 
18 X 18cm. Whatman 3 MM paper in a two-directional system consisting of 
n-butyl acetate: acetic acid: water (3 : 3 : 1) followed by pyridine: ammonium 
hydroxide: isobutanol (4 : 2:1). Radioautographs prepared from these 
chromatograms were used to locate the previously-identified spots. The 
radioactive areas were cut from the sheet, mounted in dishes, and counted 
with a thin window Geiger-Miiller tube and scaler assembly. 

All radioautographs were prepared by placing the dried chromatograms in 
contact with Kodak No-Screen X-ray film for periods of one to four weeks. 


*The yield of alanine from pyruvic acid dinitrophenylhydrazone was the same (65%) as with 
the Parr method used earlier (14). 
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Exposure lo COs. 


The Lucite box which held the leaves during photosynthesis is shown in 
Fig. 1. The outer dimensions were 5 X 7 X 2 in.; the chamber volume 100 
ml. The lid opened downward and was sealed with Vaseline. The stopcocks 
were held in place by Tygon tube gaskets of suitable size. During the pre- 
illumination period (five minutes) stopcock D was closed while a current of 
humidified air was drawn through C, across the leaves, and out through B to 
a water aspirator. The manometer connected at A registered a pressure 
inside the box of 15 mm. below atmospheric. Radioactive sodium carbonate 
was pipetted into the short tube between D and E, and the unit was 
reassembled and evacuated through E. A drop of 50°; perchloric acid was 
placed in the funnel above stopcock E, which was then momentarily opened 
to let the acid into the generator tube. About 20 sec. before zero time, 
stopcock C was closed to cause evacuation of the chamber through B. When 
the manometer showed a pressure of 550 mm. stopcock B was closed. At 
zero time, stopcocks D and E were simultaneously opened, admitting air 
which carried the tracer charge with it into the box. At the end of the 
predetermined interval (2 to 60 sec.), the lid was sprung, and the leaves 
transferred to the Waring Blendor containing the ethanol—hydrazine reagent. 
The latter phases of the operation, that is, turning off the light and starting 
the Blendor, were clock-controlled, so that with practice, it was possible to 
effect the transfer and killing in less than one second. When it was desired 
to continue photosynthesis or dark respiration in normal air for an additional 
interval, stopcock D was closed and B and C were opened. 


Fic. 1. Leaf exposure chamber. See ‘Experimental’ section for details. 
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The control experiments in which the total ethanol-soluble fraction was 
analyzed were handled in exactly the same manner up to the point of killing. 
In this case, 100 ml. of boiling 80% ethanol was added to the Blendor just 
before the leaves. The macerate was heated for 20 min., filtered hot, and the 
residue re-extracted with smaller portions of hot ethanol. The combined 
ethanol solutions were evaporated in an air jet to 60 ml. This solution was 
shaken with 100 ml. of chloroform. The upper phase contained essentially 
all of the activity, and was ready for chromatography after concentration to 
i ml. had been completed. 


Results 

Keto Acids in Leaves 

The keto acids consistently identified (in chromatographic amounts) in 
sugar-beet leaf extracts included glyoxylic, pyruvic, and a-ketoglutaric acids. 
Oxaloacetic acid was not always detected, probably because its concentration 
was very low. A number of other dinitrophenylhydrazones appeared on the 
chromatograms, but most of these did not yield ninhydrin-active compounds 
after hydrogenolysis, and were probably hydrazones of other types of carbonyl 
compounds. One of the few which did produce an amino-like compound on 
hydrogenolysis was identified as an artifact arising from the reagent (13). 
The same keto acids were also recognized in extracts of Sedum spectabile, 
wax bean, soybean, barley, tobacco, and Scenedesmus. The hydrazone 
chromatograms from the algae experiments were especially free of the 
extraneous unidentified hydrazones. 


Rate of Incorporation of CO, Into the Keto Acids 

The data in Table I are typical of the results obtained when the duration 
of the photosynthetic period in C™“O, enriched air was varied. Since each 
entry represents a separate experiment with a new leaf, the somewhat erratic 
increase in activity with time was not unexpected. The rate of increase in 
activity was, however, much lower than that for the sum of all ethanol- 
soluble compounds. In the interval between 10 and 40 sec., the activity in the 


TABLE I 


PHOTOSYNTHETIC INCORPORATION OF C!4Q. INTO THE KETO-ACID 
FRACTION OF SUGAR-BEET LEAVES* 








Exposure time (sec.) 
—_-———- Total activity in keto- Total activity in leaf 
Series A Series B acid fraction (c.p.m.) ethanol-solubles (c.p.m.) 








5 1850 
3670 

2850 

15 4670 
5700 

4800 

45 7510 





*Water-filtered white light at 2000 ft-c.; 100 uc. C'4O, in atr; average leaf weight 2.4 gm. 
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— FRONT— 


* 


UNKNOWN 


PYRUVIC 


PYR UVIC 


UNKNOWN 
ALOACETIC. 


Fic. 2. Radioautograph of a chromatogram of the keto-acid dinitrophenylhydrazones 
from leaves treated as indicated: 
(a) Sugar beet, 45 sec. photosynthesis in CO». 
(b) Sedum spectabile, 60 sec. photosynthesis in C!Oy. 
(c) Sugar beet, 60 sec. photosynthesis in C'O2, plus 10 min. in air in the dark. 
(d) Sugar beet, (c) plus an additional 20 min. in the dark. 


keto acids approximately doubled, whereas the total ethanol-soluble activity 
increased about 12-fold. 

Practically all of the radioactivity in the keto-acid fractions of the two series 
referred to in Table I was in pyruvic acid. Some of the radioautographs 
showed a second faint radioactive spot between the inactive glyoxylic and 
oxaloacetic acids (Fig. 2 (a) ). This compound underwent hydrogenolysis, 
producing a faint radioactive spot near alanine. Its identity was not 
established, because its concentration and relative activity were very low. 
Other unidentified radioactive spots on the hydrazone chromatograms, such 
as the one overlapping the a-ketoglutaric acid position in Fig. 2 (a), failed to 
produce amino compounds during hydrogenolysis and were therefore not 
considered to be a-keto acids. 
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Radioactive pyruvic acid was recovered from leaves receiving the shortest 
exposures attempted, about two seconds. In contrast, glyoxylic and a-keto- 
glutaric acids did not become radioactive until 45 sec. had elapsed. Oxaloacetic 
acid and hydroxypyruvic acid did not become radioactive in any of these 
experiments which included photosynthetic exposures of 2 to 60 sec. It was 
shown in parallel experiments that glycine and serine became radioactive after 
10 sec. photosynthesis in CO, enriched air. Labelled malic acid appeared 
about the same time. By 30 sec., glycine and serine accounted for 15% of 
the total ethanol-soluble activity; malic acid dbout 8%. Activity in alanine 
and aspartic acid was usually still less than 5% of the total after 30 sec. 
photosynthesis. 


Dark Incorporation of CO. 

A sugar-beet leaf was held in the dark in air containing CO, for 10 min. 
In the keto-acid fraction isolated from this leaf, most of the radioactivity was 
in a-ketoglutaric acid, with traces in oxaloacetic acid. Pyruvic acid was not 
significantly active. 


Light and Dark “Flush”’ 

In these experiments, the photosynthetic period in C“O, (60 sec.) was 
followed by an additional five minutes in tracer-free air, with or without light. 
This treatment was intended to displace or flush the C' out of those com- 
pounds in which it was incorporated during the initial period at different rates, 
depending on the role of the compounds in the over-all biosynthetic sequence. 
When the chromatograms of the keto-acid fractions from this series were 
analyzed, it was found (Table II) that most of the radioactivity was still 
concentrated in pyruvic acid. The five minute flush period in the light caused 
a considerable loss of radioactivity from the fraction, concurrent with an 
increase in the proportion of C'™ in @-ketoglutaric and glyoxylic acids. A 
similar redistribution occurred in the dark period, but the fraction as a whole 
did not lose nearly so much as in the light. 


TABLE II 


REDISTRIBUTION OF C!4 AMONG KETO ACIDS OF SUGAR-BEET LEAVES FOLLOWING 
LIGHT AND DARK FLUSH PERIODS IN AIR 








Relative activity in individual keto acids* 





Total activity 
in keto-acid a-Keto- 

Experimental conditions fraction (c.p.m.) Pyruvic glutaric Glyoxylic 
(a) 60 sec. in C'*O, in lightT 15,700 95% 3% 2% 
(6) (a) plus 300 sec. air in 

the light 7400 69 24 7 
(c) (a) plus 300 sec. air in 
the dark 11,500 64 23 13 








* Calculated from the activities of spots eluted from the chromatograms. The sum of these 
three keto acids was 55-60% of the total keto-acid radioactivity in each experiment. Of the 
remainder, less than 10% was recovered in unknowns on the chromatograms. 

t Water-filtered tungsten light at 2000 ft-c.; 100 jac. of C'*O2 in air. 
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In a parallel series, analysis was made for the other C!'-containing alcohol- 
soluble constituents, and the changes in relative activities caused by the light 
and dark treatments were determined (Table III). After 60 sec. photo- 
synthesis in air containing C“Os., radioactivity was distributed among a variety 
of compounds, the concentrations in the “hexose phosphates’’, sucrose, 
glycine, and serine being notable. In this series, the proportion of C* in 
malic acid was lower than usual. After five minutes’ flush in the light, most 
of the C™ had transferred from the phosphate esters, glycine, and serine to 
sucrose. In the dark, however, the relocation of C' proceeded at a much 
slower rate. The appearance of radioactive glutamic acid, a significant 
increase in radioactive alanine, and the slow decline in glycine and serine 
radioactivity were the most characteristic features of the pattern after five 
minutes in the dark. The keto acids are not shown because their C'' content, 
even neglecting the destructive influence of the hot ethanol, was low (1% 
relative to that of the compounds shown in Table III. 

The effect of longer dark periods following photosynthesis in C'O, on the 
keto acids is shown in Fig. 2 (c) and (d). After 10 min. dark flush, pyruvic, 
glyoxylic, and a@-ketoglutaric acids were still active in about the same ratios 
as after five minutes (Table IJ). After 30 min., glyoxylic acid was not 
radioactive. Most of the keto-acid radioactivity was in a-ketoglutaric acid, 
the remainder in pyruvic acid. 


Radioactive Keto Acids in Other Species 


Leaves of tobacco, soybean, barley, golden wax been, Sedum spectabile, and 
a species of Lilium were examined for radioactive keto acids after 30 or 60 


sec. photosynthesis in C™“O, enriched air. In all cases pyruvic acid was the 
only one radioactive. The only exception occurred with Scenedesmus, which 


TABLE III 


REDISTRIBUTION OF C!4 AMONG THE ETHANOL-SOLUBLE COMPONENTS OF SUGAR-BEET 
LEAVES FOLLOWING LIGHT AND. DARK FLUSH PERIODS IN AIR 








60 sec. 60 sec. 
photosynthesis photosynthesis 
60 sec. + 300 sec. + 300 sec. 
Compound photosynthesis* light in air* dark in air* 


Hexose phosphates 
Three carbon phosphates 
Aspartic acid 

Glutamic acid 

Alanine 

Glycine and serine 

Malic acid 

Sucrose 

Others (six compounds) 


9% 
11 

1 

2 

8 
i4 

1 
48 

6 


as 


on fu 


oo 
— fem OD 





_ “Photosynthesis at 2000 ft-c. (water-filtered tungsten light), in air + 100 ac. C'*Oz for 60 sec.; 
atmosphere then replaced by normal air for the remaining 300 sec. with continued illumination or 
in the dark. ne 

t Figures are given as % of the total C'4 in the compounds on the chromatogram. Total activities 
on each chromatogram averaged 4500 c.p.m., without correction for self-absorption. 
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under comparable conditions gave a trace of labelled oxaloacetic acid in 
addition to pyruvic acid. A typical radioautograph of the keto-acid dinitro- 
phenylhydrazones from Sedum leaves after 60 sec. photosynthesis is shown in 
Fig. 2 (b). In all of these species, glycine, serine, and alanine were radioactive 
in varying degrees by 30 sec. 


Discussion 


No difficulty was encountered in reproducibly detecting radioactive pyruvic 
acid dinitrophenylhydrazone so long as the procedure outlined was followed. 
If the feagent was added after maceration in alcohol, or if heat was applied, 
pyruvic acid was lost. If the procedure was interrupted at any stage for 
completion the next day, the yield was materially reduced. While the 
dinitrophenylhydrazone reagent has been successfully used in quantitative 
studies with Krebs’ cycle acids (4), the factors referred to above may account 
for the difficulty reported by other workers (9, 10) in isolating pyruvic acid 
from leaves. 

Pyruvic acid (or phosphenolpyruvic acid) must be among the first products 
of photosynthesis since it was radioactive after very brief exposures. The 
slow increase in radioactivity with time may mean that the rate of utilization 
keeps the total level of pyruvic acid very low during photosynthesis. In 
contrast, glyoxylic and a-ketoglutaric acids apparently arise by more indirect 
routes because they became radioactive only after much longer periods of 
photosynthesis in CO, enriched air and because the radioactivity in both 
increased during the flush periods (Table II), while that in pyruvic acid 
decreased. 

If these keto acids were precursors in the sequence of reactions leading to 
the formation of amino acids, they should become radioactive before the 
amino acids (5). It is, however, clear that pyruvic acid is the only one which 
satisfies this requirement. There was no evidence in the present work for a 
keto-acid precursor for glycine, serine, or aspartic acid other than pyruvic acid. 

The incorporation of C™ into serine and glycine may be explained without 
involving their keto-acid analogues by reference to the work of Chargaff and 
Sprinson (6), who found that serine was deaminated to pyruvic acid rather 
than hydroxypyruvic acid. A reversal of their pathway would be consistent 
with the present data. Glycine would derive its activity from serine through 
a one carbon transfer reaction (11). The glyoxylic acid would, in turn, come 
from glycine by transamination. The entire scheme would be: 

CH: CH: CH; CH,OH 


il | 
=0 — donn — C—NH, | ——— CHNH: ——— CH:NH:—— CHO 


bo bo bo do =0 bo 
™ 


OH ‘DH oH oH oH * 


Pyruvic acid Serine Glycine Glyoxylic acid 


Pyruvic and a-ketoglutaric acids could serve as precursors for alanine and 
glutamic acid respectively because they were radioactive before the amino 
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acids during photosynthesis and they retained their radioactivity in subsequent 
dark metabolism, during which time radioactivity in alanine and glutamic 
acid was increasing (Tables II and III). The data are not adequate to permit 
further speculation nor to account for the prominence of labelled a-keto- 
glutaric acid after long periods of dark metabolism or dark uptake of C™Oc. 

Oxaloacetic acid was notably inactive throughout all of the experiments 
with higher plants. While it is possible that the concentration of radioactive 
oxaloacetic acid was too low to be detected, it seems more probable that it 
did not enter into any of the primary assimilation reactions. Malic acid can 
be derived as suggested earlier (7) by a reductive carboxylation of pyruvic 
acid without need of oxaloacetic acid. It is, however, probable that a different, 
and as yet unknown, mechanism is responsible for the incorporation of C™ 
into aspartic acid, if oxaloacetic acid is excluded as a precursor. Support for 
this view is found in the data obtained by degradation of the amino acids 
formed in Vicia faba leaves during photosynthesis in CO, enriched air (8). 
It was found that while alanine was uniformly labelled, aspartic acid was not. 
Two thirds of the radioactivity in the aspartic acid molecule was in the @ 
and 6 carbons, and most of the remainder was in the B-carboxyl carbon. 
Nelson suggested (8) that this distribution of radioactivity was inconsistent 
with any mechanism for synthesis of aspartic acid in which oxaloacetic acid, 
formed by carboxylation of pyruvic acid or from malic acid in the tricarboxylic 
acid cycle, was a precursor. 

It is proposed that keto acids, other than pyruvic acid, do not function 
directly in the primary pathways for the photosynthetic assimilation of carbon 


dioxide, and that keto acids do not serve as precursors (via transamination) 
for the synthesis of at least three amino acids, glycine, serine, and ‘aspartic 
acid, in green leaves in the light. 
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STUDIES OF CERTAIN ANTIHISTAMINES AS ANTAGONISTS OF 
THE HYPERTENSIVE AND ANGIOTOXIC PROPERTIES OF 
DESOXYCORTICOSTERONE ACETATE IN THE RAT! 


By FLoyp R. SKELTON? 


Abstract 


Three antihistamine agents, Phenergan, Benzodionole, and Trimeton have 
been studied for their ability to antagonize the hypertensive and cardiovascular- 
renal effects of desoxycorticosterone acetate in the unilaterally-nephrectomized, 
salt-treated, castrate male rat. In the order named all compounds produced 
only slight inhibition of the hypertensive and cardiotrophic action of desoxycorti- 
costerone acetate and afforded virtually no protection against either the nephro- 
trophic or angiotoxic effects of this steroid as seen in the kidney, heart, and 
pancreatic arterioles, 


Introduction 


Within the last few years evidence has accumulated which supports the 
contention that the adrenal cortex plays some fundamental, vet poorly under- 
stood, role in the pathogenesis of hypertension (7, 8). The readv availability 
of desoxycorticosterone acetate (DCA) and the early observation that adminis- 
tration of this steroid to unilaterally-nephrectomized, salt-treated rats 
produced hypertension and vascular changes similar to those observed in 
malignant hypertension in man (6), placed in the hands of investigators a 
technique whereby many aspects of this disease could be experimentally 
studied. One approach has been to study the conditions under which the 
hypertension and morphologic changes elicited by desoxycorticosterone acetate 
could be inhibited with the hope that knowledge might be gained not only of 
factors involved in the genesis of such hypertensive vascular disease, but also 
that some substance or substances might be found which would warrant 
therapeutic application. 

In 1951 Guillemin and Fortier reported (3) that histamine administration 
potentiated the hypertensive and angiotoxic properties of desoxycorticosterone 
acetate, while Phenergan (10-(2-dimethylamino-1-propyl)-phenothiazine), an 
antihistamine with known effects on membrane permeability, inhibited these 
actions of the steroid. Similar inhibitory effects have been reported for neo- 
antergan (10). Encouraged by these results other antihistamines were 
examined for their ability to antagonize the hypertensive and angiotoxic 
effects of desoxycorticosterone acetate. The results of this study form the 
basis for the present report. 


Materials and Methods 
Experiment 1 
Sixty castrate male piebald rats were unilaterally nephrectomized, allowed 
1% sodium chloride to drink ad libitum, and divided into six groups of 10 
rats each which were treated in the following manner: Group I was untreated 
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and served as control. The rats of Groups I], III, and IV were administered 
1 mgm. of desoxycorticosterone acetate daily as a microcrystalline suspension 
in 0.1 ml. of distilled water. The animals of Groups III and V were given 
5 mgm. of Phenergan in a single daily subcutaneous injection and the animals 
of Groups IV and VI were similarly injected with 10 mgm. of Benzodionole 
(N,N-dimethyl-N'!-(piperonyl)-N'-(@-pyridyl) ethylene diamine). The dura- 
tion of the experiment was four weeks during which time the blood pressure 
of the rats was measured weekly by the tail plethysmographic method (9) 
and their 1% sodium chloride consumption determined daily. At the 
termination of the experiment the kidney, heart, adrenals, thymus, brain, 
and pituitary were dissected out, fixed in Bouin's solution for at least 48 hr., 
and subsequently weighed on a chainomatic balance. Histological sections of 
these organs were prepared and stained with hematoxylin and eosin. 


Experiment 2 

Forty-eight castrate male piebald rats were unilaterally nephrectomized, 
given 1% sodium chloride to drink ad libitum, and divided into six groups of 
eight rats each. Group I was untreated. The rats of Groups II, III, and 
IV had two pellets of desoxycorticosterone acetate weighing 25 mgm. each 
implanted subcutaneously at the beginning of the experiment and replaced 
with new pellets at two week intervals thereafter. The animals of Groups 
III and V received Phenergan and the animals of Groups IV and VI received 
Trimeton (1-(N,N-dimethyl-amino)-3-phenyl-3-(@-pyridyl) propane) both 
given as 5 mgm. subcutaneous injections twice daily. During the six week 
duration of the experiment the blood pressure and 1% sodium chloride con- 
sumption of the rats were determined as in experiment 1. At the end of the 
experiment the kidney, heart, liver, adrenals, and thymus were removed, fixed 
in Bouin's, weighed, and prepared for microscopic examination as in 
experiment 1. 


Results 

Experiment 1 

Some retardation of growth was evident in the rats of all of the experimental 
groups but was greatest in those receiving combined desoxycorticosterone 
acetate and antihistamine treatment. During the four week period several 
animals died in Groups II, V, and VI (Table I) and were eliminated from the 
experiment. Fig. 13 shows that Phenergan alone had no significant effect 
on the 1% sodium chloride consumption and blood pressure but when given 
along with desoxycorticosterone acetate it partially inhibited the modest blood 
pressure elevation without altering the pattern of 1% sodium chloride intake 
produced by this steroid. On the other hand, Benzodionole induced a 
significant increase in the consumption of 1% sodium chloride which was 
almost equal to that produced by desoxycorticosterone acetate, and when 
administered with desoxycorticosterone acetate resulted in a greater con- 
sumption than was produced by either substance alone. Despite this effect 
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TABLE 1 


THE EFFECT OF PHENERGAN AND BENZODIONOLE ON THE BODY AND ORGAN WEIGHTS 
OF RATS TREATED WITH DESOXYCORTICOSTERONE ACETATE 











Body weight Organ weight in mgm. per 100 gm. body weight 
No. in gm. 

Group and of -—-——- —_ —«-§ —— - 
treatment rats Initial Final Kidney Heart Adrenal Thymus Brain Pituitary 








I. Control 10 81 + 
II. DCA 5 91 


2 178+5 605+ 12 +13 20.7 ; 361 + 864 19 5$.8+0.1 

4 139410 1208 + 149 11 28.8 ‘ 109 6.3+0.5 
III. Phenergan 10 87 +4 150+6 662 25 20 27.9 . 35 6.240.2 

2 

2 


IV. Benzodio- 10 78 + 


166 +9 716 41 28.0 + 48 6.32+0.3 
nole 
V. DCAplus§ 5 89 + 


115 +2 1052 46 34.5 ‘ + 41 7.2+0.4 
Phenergan 


VI. DCA plus 6 88+3 12045 1212 82 42.6 + 2. + 90 6.8+0.3 
Benzodionole 





All values accompanied by the standard error of the mean. 


of Benzodionole on saline intake the blood pressure of the rats receiving both 
desoxycorticosterone acetate and Benzodionole was slightly lower than that 
observed in the rats treated with the steroid alone. 

The body and organ weights are presented in Table I, the latter expressed 
as mgm. per 100 gm. of body weight in order to compensate for the irregular 
weight gains of the animals in the various groups. It is apparent that neither 
Phenergan nor Benzodionole significantly affected (P >0.3) the renotrophic 
action of desoxycorticosterone acetate, while both partially inhibited (P <0.02 
and P <0.01 respectively) the cardiotrophic effect. Neither antihistamine 
influenced significantly the enlargement of the brain produced by the steroid. 
Significant adrenal enlargement occurred in the rats of all experimental 
groups and was greatest in those treated with DCA and antihistamine. 
Atrophy of the thymus was present to some extent in the rats of all experi- 
mental groups, again being greatest in those receiving combined desoxycorti- 
costerone acetate and antihistamine treatment. 

Microscopic examination of the organs showed the repeatedly described 
characteristic vascular lesions in the kidney, heart, pancreas, and adrenals 
of the rats treated with desoxycorticosterone acetate. Similar lesions were 





Fic. 1. Kidney of rat treated with desoxycorticosterone acetate showing two glomeruli 
which are partially necrotic. H. & E. x 100. 

Fic. 2. Kidney of rat treated with desoxycorticosterone acetate and Phenergan illus- 
trating essentially the same om of “x ee as that seen in rats receiving 
desoxycorticosterone acetate. & E. X 100 
__ Fic. 3. Kidney of rat treated with desoxycorticosterone acetate and Benzodionole 
illustrating glomerulonecrosis and arteriolar fibrinoid necrosis. H. & E. X 100. 

Fic. 4. Cardiac lesion in rat receiving desoxycorticosterone acetate showing fibrinoid 
necrosis of arteriole with surrounding fibroblastic proliferation. H. & E. X 100. 

Fic. 5. Similar lesion in the heart of a rat treated with desoxycorticosterone acetate 
and Phenergan. H. & E. X 100 


Fic. 6. Similar lesion in the heart of a rat treated with desoxycorticosterone acetate 
and Benzodionole. H. & E ‘ 
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TABLE II 


THE EFFECT OF PHENERGAN AND TRIMETON ON THE BODY AND ORGAN WEIGHTS 
OF RATS TREATED WITH DESOXYCORTICOSTERONE ACETATE 








7 Body weight in gm. Organ weight in mgm. per 100 gm. body weight 
Group and No. of memeee> 


treatment rats Initial Final Kidney Heart Liver Adrenal Thymus 








I. Control 68 + 179 + $144 12 371412 4183 + 74 22 


6+1.1 284 + 29 
II. DCA 69 116 1111 + 198 629 + 58 5530 + 526 33.8 + 3. 124 + 35 
0 


III, Phenergan $88 + 17 396417 S169 +110 27.041. 250 + 25 
IV. Trimeton 654+ 21 448 + 33 5367 +181 28. . 263 + 31 


V. DCA plus + 819 + 94 471 38 5012 + 502 : + 65 
Phenergan 


VI. DCA plus 949 +115 584+ 59 5915 + 673 
Trimeton 





All values accompanied by the standard error of the mean. 


found in those animals receiving desoxycorticosterone acetate plus either 
Phenergan or Benzodionole which were of essentially the same incidence and 
severity as those observed in the rats treated with the steroid alone (Figs. 1-6). 


Experiment 2 


Growth retardation and death of animals occurred during the experimental 
period as shown in Table IJ. Phenergan again produced a partial inhibition 
of the blood pressure elevation induced by desoxycorticosterone acetate but 
increased the 1% sodium chloride consumption over that produced by the 
steroid alone (Fig. 14). In contrast Trimeton appeared to delay the hyper- 
tensive effect of the steroid without significantly influencing the pattern of 
1% sodium chloride intake. 

Table II shows that only the cardiac hypertrophy was partially inhibited 
(P <0.05) by Phenergan while neither the nephrotrophic nor cardiotrophic 
effects of desoxycorticosterone acetate were significantly altered by Trimeton. 
Slight adrenal hypertrophy occurred in all experimental groups but atrophy of 
the thymus occurred only in the rats treated with desoxycorticosterone acetate 
alone and in combination with the antihistamines. Gross and microscopic 
study of the kidney, heart, and pancreas of the rats in Groups II, V, and VI 





Fic. 7. Glomerulonecrosis and fibrosis, and fibrinoid necrosis of arteriole in kidney of 
rat receiving desoxycorticosterone acetate. H. & E. X 100. 

Fic. 8. Two glomeruli showing necrosis with tubular dilatation and casts in kidney of 
rat treated with desoxycorticosterone acetate and Phenergan. H. & E. X 100. 

Fic. 9. Similar renal lesion in rat treated with desoxycorticosterone acetate and 
Trimeton. H. & E. X 100. 

Fic. 10. Numerous arterioles showing fibrinoid degeneration and perivascular fibrinoid 
material in heart of rat administered desoxycorticosterone acetate. H. & E. X 100. 

Fic. 11. Similar vascular lesion with fibrosis in heart of rat receiving both desoxycorti- 
costerone acetate and Phenergan. H. & E. X 100. 


Fic. 12. Similar cardiac lesion in rat treated with desoxycorticosterone acetate and 
Trimeton. H. & E. X 100. 
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Fic. 13. The effect of Phenergan and Benzodionole on the saline intake and systolic 
blood pressure of DCA-treated rats. 


revealed that neither antihistamine had produced any change in either the 
incidence or severity of the cardiovascular renal lesions induced by desoxy- 
corticosterone acetate (Figs. 7-12). 


Discussion 


Reports of the successful use of antihistaminic compounds in acute 
glomerulonephritis (1) and pre-eclamptic hypertension (4) were rapidly 
followed by publication of experimental results (3) indicating the virtually 
complete inhibition of the hypertension and cardiovascular-renal effects of 
desoxycorticosterone acetate in the rat by one of these drugs, Phenergan. It 
is of interest also that in the publication of Guillemin and Fortier, histamine 
was reported as potentiating the changes elicited by desoxycorticosterone 





SKELTON: ANTIHISTAMINES AS ANTAGONISTS 


@————® CONTROL @———@ CONTROL 
Oo——————0 DCA oO DCA 

oe————4 DCA AND PHENERGAN a——4 DCA AND TRIMETON 
O-—"“1 PHENERGAN o—A TRIMETON 


HO 


+) 


I%NAGL INTAKE — ML. PER 24 HRS. 











° 
= 
ra) 
= 
= 
' 
Ww 
x 
= 
” 
” 
Ww 
& 
8 
@ 
° 
ro} 
f= 
wo 
> 
” 

















ee 
\ 2 3 4 5 6 c?) 





TIME IN WEEKS 


Fic. 14. The effect of Phenergan and Trimeton on the saline intake and systolic blood 
pressure of DCA-treated rats. 


acetate. However, while these authors claim almost complete inhibition by 
Phenergan of the hypertension and cardiovascular-—renal lesions produced by 
desoxycorticosterone acetate, the published figures indicate that this anti- 
histamine had no significant effect whatever on the nephrotrophic and cardio- 
trophic effects of this steroid. The persistence of cardiac and renal enlarge- 
ment in rats treated with desoxycorticosterone acetate and Phenergan in 
which both hypertension and morphologic lesions were absent is difficult to 
understand. 

The experimental results herein reported differ markedly from those of 
Zacco and Ciasca and Guillemin and Fortier in the degree of protection 
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afforded by the antihistamine agent and in addition raise the question of 
secondary complications inherent in this type of experiment. Thus in both 
experiments the animals which were treated with desoxycorticosterone acetate 
and antihistamine showed a retardation of growth accompanied by adrenal 
hypertrophy and/or thymus atrophy which could be interpreted as evidence 
of increased functional activity of the adrenal cortex in these animals. If 
that was the case it is difficult to say to what extent this may have affected 
the final results, especially in view of the variable effects of cortisone (2) on 
the functional and morphologic changes elicited by DCA under different 
experimental conditions and dosage. Furthermore, in the report of Guillemin 
and Fortier it was stated that there was a marked reduction in the 1% sodium 
chloride consumption of the rats treated with desoxycorticosterone acetate 
and Phenergan, but no actual data were given. In the present experiments 
Phenergan induced no such marked decrease in 1% sodium chloride intake, a 
fact which may be of great importance in explaining the relatively slight 
protection afforded by its administration. 

Since this manuscript was submitted for publication a report by Masson, 
Nairn, and Corcoran (5) has appeared in which is recounted the failure of 
Phenergan, Sandostene, and chlorpromazine to inhibit the hypertensive and 
angiotoxic effects of DCA under experimental conditions similar to those 
employed in the present experiments. These authors have also emphasized 
the importance of sodium chloride intake in experiments of this type and have 
advocated rigorous control of its consumption in experiments where com- 
pounds are being studied for their ability to inhibit the development of 
hypertensive vascular disease produced by DCA. 
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METABOLISM OF GLUCOSE AND STEROID FORMATION 
BY RAT ADRENALS IN VITRO! 


By E. ScHONBAUM,? MARION K. BIRMINGHAM,? AND MuRRAY SAFFRAN 
With the technical assistance of ERIKA KURLENTS 


Abstract 


The stimulation by ACTH of the formation of corticoids by rat adrenals 
in vitro is enhanced by the presence of glucose in the medium. Pyruvate and 
ribose also enhance the stimulation by ACTH, but to a lesser extent; acetate, 
acetoacetate, and 8-hydroxybutyrate are without detectable influence. The 
following inhibitors decrease or abolish the effect of ACTH: iodoacetate, 
fluoride, arsenite, Nz (anaerobiosis), cyanide, azide, and dinitrophenol. A 
decrease in the sodium: potassium ratio of the medium also results in the 
inhibition of the stimulation of corticosteroid formation by ACTH. Fluoro- 
acetate, trans-aconitate, malonate, and benzoate exert a less marked influence on 
the formation of corticoids. Epinephrine and insulin are without effect. 


Introduction 


Previous studies from this laboratory (2, 4, 5, 13, 14, 15) have shown that 
bisected or quartered rat adrenal glands produce adrenocortical steroids 
in vitro and that the production is increased by the addition of ACTH. In 
that work, the incubation medium contained 200 mgm. % glucose (about 
0.01 M.). There have been isolated reports in the literature that glucose 
might play an active part in the stimulation of corticosteroid genesis by 
ACTH. Constantinides et al. (3) claimed that the administration of glucose 
along with small doses of ACTH elicited signs of adrenocortical stimulation 


that could only be obtained with a much larger dose of ACTH given by itself. 
Reiss et al. (12) observed that the stimulation by ACTH of the respiration of 
cow adrenal slices appeared only when glucose or pyruvate were added to 
the medium. This paper describes experiments designed to test the effect 
of glucose on the stimulation by ACTH of corticosteroid genesis im vitro. 


Methods 


Male rats of the Sprague-Dawley strain (150-250 gm.) were used in all 
experiments. The adrenals of four to six rats were prepared and incubated 
as described by Saffran and Schally (15), except that the tissue was usually 
preincubated in glucose-free Krebs—Ringer—bicarbonate medium. In each 
experiment the adrenal halves or quarters were divided among four or eight 
flasks so that each flask contained one adrenal half or quarter from each 
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animal. The tissue was preincubated without additions for 30 min. except 
where indicated. Inhibitors, substrates, and ACTH were added at the 
beginning of the incubation period. Estimations of corticoids were carried 
out as described previously (4, 15) and the results are expressed as ugm. of 
corticoids per 100 mgm. fresh adrenal tissue. Glucose was estimated by the 
method of Folin and Malmros (17). 


Results 


The formation of corticoids in the absence of added ACTH was not affected 
by glucose, but the stimulation by ACTH was significantly increased in the 
presence of glucose (Table I). Fig. 1 illustrates the effect of varying the 
concentration of glucose. 

A significant, but less marked, enhancement of the stimulation by ACTH 
was seen with pyruvate, and an even smaller effect with D-ribose (Table II). 
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Fic. 1. Effect of the concentration of glucose on the stimulation by ACTH 
Similarly marked points were obtained with tissue from the same animals. The ACTH 


concentration indicated in the body of the graph refers to micrograms per 100 mgm. 
fresh tissue. 


TABLE I 


EFFECT OF GLUCOSE ON FORMATION OF CORTICOIDS BY RAT ADRENAL HALVES 








AC TH added, mU./100 mgm. 





0 200 





No. of experiments 





(10) 





gm. corticoids/100 mgm./2 hr. 





No added glucose 35.4 
0.01 M. glucose ? 53.5 
Difference + S.E. ; j 18.1 + 2.2 
P f <0.001 








SCHONBAUM ET AL.: 


COMPARISON OF THE EFFECTS OF 
OF CORTICOIDS IN THE 


PYRUVATE, 
PRESENCI 


STEROID FORMATION 


TABLE II 


tHE FORMATION 
100 mgm. ) 


GLUCOSE, AND RIBOSE ON 
oF ADDED ACTH (200 mU. 





gm. corticoids/100 mgm. /2 hr. 


b- Ribose 


42 
43 
42 


50 
49 
50 


Mean diff. 
between paired 
values + S.E 


<0.01 


No added substrate 


Pyruvate, 0. 02 M. 


Glue ose, 0 


01 M. 


69 
69 
57 
54 
64 
94 
64 
55 
65 


53 
58 
56 
42 
61 
64 
70 
42 
54 


<0.01 <0.02 





NOTE: 


FORMATION OF CORTICOIDS IN THE PRESENCE OF 
ACETOACETATE, 


Data on the same line were obtained with tissue from the same animals. 


TABLE Ill 


ACETATE, 
AND §-HYDROXYBUTYRATE 








No ACTH 


Ww ith ACTH 





gm. corticoids/100 mgm./2 hr. 


“a4 No 
Substrates added substrate 


Acetate, 0.015 M. 
Acetate, 0.015 M. 


Acetate, 0.015 _ .* 
glucose, 0.001 ° 


Acetate, 0.05 M. + 
glucose, 0.007 M. 


Acetate, 0.05 M. + 
glucose, 0.007 M. 


Acetoacetate, 0.015 M. 


Acetoacetate, 0.015 M. + 


glucose, 0.01 M 


Acetoacetate, 0.015 M. + 
glucose, 0.01 M. 


8-Hydroxybutyrate, 
O15 M. 


8-Hydroxybutyrate, 0.015 
M. + glucose, 0.01 M. 


15* 





NOTE: 
In the experiments with acetoacetate, 

dec carboxylation with aniline-citrate (17). 
*Glucose present. 


With 
substrate 


gm. corticoids / 100 mgm./2 hr. 


With 
substrate 


ACTH added, No 
mU./100 mgm. substrate 


24 25 


75 


75 43 43 


43* 


21* $i* 


17 40 


16* 31* 





Data on the same line were obtained with tissue from the same animals. 


the concentration of the substrate was determined by 
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Acetate, acetoacetate, and 8-hydroxybutyrate were without detectable effect 
by themselves nor did they modify the production of corticoids in the presence 
of glucose (Table III). 

The utilization of glucose by rat adrenals in vitro could not be consistently 
correlated with the formation of corticoids; the uptake of glucose by the 
tissue seemed to depend only on the concentration of glucose and not on the 
stimulation by ACTH. In the presence of a low concentration of added 
glucose, the adrenal tissue released a non-lipid reducing material into the 
medium (Table IV). 

Two hormones that are noted for their effects on carbohydrate metabolism, 
epinephrine and insulin, were without apparent influence on the formation 
of steroids under a variety of conditions. 

A disturbance in the sodium : potassium ratio of the incubation medium 
had a profound inhibitory influence on the stimulation by ACTH. A reversal 
of the usual Na : K ratio of 24 caused an almost complete abolition of the 
stimulation by ACTH (Table V). Doubling the normal K concentration 
resulted in a small inhibition that is not outside the range of variability of the 
system. In these experiments the electrolyte composition of the preincubation 
and incubation media were the same. 


TABLE IV 


GLUCOSE UTILIZATION AND FORMATION OF CORTICOIDS 








Glucose added Glucose change in medium Corticoids formed 





#M./100 mgm./2 hr. + S.E. 
“uM./100 mgm. mM. No ACTH With ACTH No ACTH With ACTH 








30 10 (2) -—-2.8+0.45 — 3.2 + 0.25 0.08 + 0.01 0.19 + 0.00 
6 2 (3) - 06.5 + 0.13 —- 0.5 + 0.11 0.07 0.01 0.17 0.01 
0.6 0.2 (2) + 0.4 + 0.02 + 0.4 + 0.05 0.07 + 0.01 0.14 0.02 





Note: The figures in parentheses indicaté the number of experiments. 
ACTH, 200 mU./100 mgm. 
TABLE V 


EFFECT OF THE SODIUM: POTASSIUM RATIO IN THE INCUBATION MEDIUM ON THE 
FORMATION OF CORTICOIDS BY RAT ADRENALS in viiro 








No ACTH With ACTH, 200 mU./100 mgm. 
K Ringer Na Ringer K Ringer Na Ringer 








Media gm. corticoids/100 mgm./2 hr. + S.E. 





Na Ringer = usual Krebs—Ringer- 
bicarbonate—glucose (a) 14 + 0.5 22 + 0.5 + 2.0 


K Ringer = usual medium with Na 
replaced by K (a) or with Na and 
K reversed (0) (6) 13 + 1.0 16 + 4.5 22 





Note: The figures in parentheses indicate the number of experiments. 
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TABLE VI 


EFFECT OF INHIBITORS ON FORMATION OF CORTICOIDS 








No added ACTH With 200 mU. ACTH/100 mgm. 


Mean difference 


Mean difference 
5. E. 


+ + 
Control Inhibitor + S.E. Control Inhibitor + 


Inhibitors Substrates sem. corticoids/100 mgm./2 hr. 





Iodoacetate, Glucose, 
0.001 M. 0.01 M. 


Glucose, 
0.01 M. + 
pyruvate, 
0.02 M. 

Fluoride, Glucose, 
0.001 M. 0.01 


Pyruvate, 
0.01 M. 


Arsenite, Glucose, 
0.0002 M. 0.01 M 

Arsenite, Glucose, 
0.001 M 0.01 M. 
od Pyruvate 
0.02 M. 
Dinitrophenol, Glucose, 
0.001 M. 0.01 M. 0.7 (2) 
Azide, 0.02 M. + 2.0 (2) 


N2 2.5 (2) 71 
Cyanide, 
0.001 M +4 + 4.0 (2) 60 
Benzoate, 
0.02 M. 18 0 (2) 61 
Fluoroacetate, 
0.01 M. 25 3 + 1.5 (2) 73 
Malonate, 
0.01 M. 17 +5 + 4.5 (2) 81 
trans-Aconitate, 
0.02 M. 11 0 (2) 53 





NoTeE: The figures in parentheses indicate the number of experiments. 


Inhibitors of reactions in the metabolism of glucose were tested for effects 
on the formation of corticoids im vitro. Iodoacetate, fluoride, arsenite, 
dinitrophenol, azide, anaerobiosis, and cyanide inhibited markedly or 
prevented the stimulation, by added ACTH, of the formation of corticoids. 
Benzoate (1), fluoroacetate, malonate, and tramns-aconitate inhibited less 
strongly. In the absence of added ACTH the effect of the inhibitors was 
much less marked. 


Discussion 


Our data confirm the observations of Constantinides ef al. (3) and of Reiss 
et al. (12) that the stimulation of the adrenal cortex by ACTH is enhanced 
by glucose. 
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Glucose may serve as the source of at least part of the steroid molecule. 
If the supply of steroid precursors is so small that it limits the production by 
ACTH-stimulated tissue then one might expect that the utilization of glucose 
would reflect the formation of corticoids. There was no detectable relation- 
ship between glucose disappearance and corticoid formation (Table IV). 
Moreover, acetate and acetoacetate, proven precursors of steroid molecules, 
and 8-hydroxybutyrate, a closely related substance, did not enhance steroid 
formation by ACTH-stimulated tissue. Neither did acetoacetate have an 
ACTH-like effect under our conditions, as has been reported by Hofmann 
and Davison (7). 

In support of this explanation for the action of glucose is the inhibition by 
iodoacetate, fluoride, and arsenite of the formation of corticoids. These 
inhibitors interfere with the flow of glucose atoms through the glycolytic 
reactions and through pyruvate to acetyl-coenzyme A, which has been 
presumed to be the building material of steroids (e.g. 9). Work with 
C-glucose is under way to establish whether the atoms of glucose are efficiently 
incorporated into the corticoid molecule. 

Or, glucose may serve as the source of energy for the activation of steroid 
genesis by ACTH. However, the restriction of at least part of the energy 
source of the cell with inhibitors of the Krebs cycle did not abolish the 
stimulation by ACTH. It is still possible that the stimulation by ACTH 
requires the energy yielded by the breakdown of glucose, either via the 
glycolytic reactions or via the hexose monophosphate shunt (11). The latter 
possibility is noteworthy in view of the recent demonstration that the shunt is 
a major pathway of glucose catabolism in the adrenal cortex (8). The 
enzymes of glucose catabolism exist in the cytoplasm and, if ACTH acts in 
the cytoplasm or on the cell surface, then the stimulation by ACTH may 
require the energy generated by such extramitochondrial systems. In this 
connection we may mention that broken cell adrenal preparations do not 
respond to ACTH (10, 16). In these preparations, most mitochondrial 
reactions are intact, but glycolysis and other cytoplasmic functions are either 
eliminated or greatly slowed by the dilution of the cytoplasm. 

Glucose catabolism may also be required for the entry of ACTH into the 
cell because glucose is without effect on the unstimulated production of 
corticoids, and all of the inhibitors of glucose breakdown that were tested 
were also less active on the unstimulated gland. However, this evidence also 
supports the previous explanation that glucose provides the energy for 
activation by ACTH. 

Thus, there is as yet no definitive support for any of the proposed 
mechanisms of action of glucose. 

Hechter has pointed out (6) that the mechanisms of corticosteroid synthesis 
may differ in the unstimulated and in the ACTH-stimulated adrenal gland. 
The unstimulated and ACTH-stimulated adrenal tissue also have different 
nutritional requirements, since Ca++ (2), a normal Na : K ratio, and glucose 
are required for ACTH-stimulation, but not by the unstimulated gland, and 
the inhibitors are less active on the unstimulated tissue. 
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STUDY OF ADRENOCORTICAL PHYSIOLOGY IN JET FLYING! 
By C. W. Murpuy AND R. A. CLEGHORN 


Abstract 


A statistically significant eosinopenia occurred on days on which jet aircraft 
were flown in the mornings. The difference between experimental and control 
days was more marked in the early part of the afternoon than in the later part. 
The absolute values for urinary corticoid excretion were not shown to be signi- 
ficantly different on experimental days by comparison with control days, but 
when expressed in terms of corticoid excretion/body surface area they were seen 
to be significantly greater on the mornings of experimental days by comparison 
with control days. Corticoid/body surface area was not constant for different 
individuals. Salivary electrolyte concentration did not differ significantly on 
experimental days as compared with control days, but the late afternoon hour 
at = the single specimen was collected may have missed any change occurring 
earlier. 


During the past decade there have been many studies concerned with the 
activity of the adrenal cortex in man under varying conditions of stress and 
fatigue. The earlier studies in particular indicated that activation of the 
adrenal cortex could be shown in different experimental situations, although, 
of course, their coriclusions remained a function of the validity of the various 
estimates of adrenal cortical activity which were employed. Thus, in 1943, 
working with air force subjects, Pincus and Hoagland (26) showed that there 
was an increased 17-ketosteroid excretion during an experimental situation 
which simulated blind instrument flying, and also in conditions of hypoxia. 
In 1946, a significant increase of glucocorticoids was shown to be present in 
the pooled urines of army recruits after a four-mile route march, by Venning 
and Kazmin (38). Using the change in blood eosinophile level as an index, 
it was found in a study of the members of the Harvard boat crew in 1951 that 
a significant eosinopenia occurred in the members of the crew, the coxswain, 
and the coach during an actual race, whereas only the crew members showed an 
eosinopenia following a practice run over the same course (Renold e¢ al. (28)). 
In 1952, observations on the effects of immersion in water at 9.5° C. for eight 
minutes showed that in the 21 normal young male subjects a significant 
eosinopenia developed (Kuhl et al. (20) ). 

The present study is the last of a series made by our group during 1951-53 
(8, 9, 22, 24, 39), in which, with the methods at hand, an attempt was made 
to evaluate the stress of flying in terms of one of its aspects: adrenal cortical 
function. The first experiments dealt with the experience of long range flying, 
but no positive conclusions could be made (24). It was therefore decided to 
investigate the possibility of evaluating adrenocortical change in jet fighter 
pilots, with the hope that the shorter flights would lend themselves to a more 
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controlled experimental situation. It was also felt that in this type of flying 
the rapid changes in “‘G’’ and the need for constant alertness would constitute 


stresses which might be readily manifested through enhanced activity of the 
adrenal cortex. 


Method 


A group of eight fighter pilots, members of a jet aircraft squadron, were 
studied during a period of two weeks in June, 1953. Control days alternated 
with experimental days in each week, there being a total of four control days 
and three experimental days. On control days, the subjects reported to the 
flight office as usual, but had no squadron duties to perform. Experimental 
days differed from control days only in that all pilots were required to fly 
during the morning period. They flew an average of one hour and 10 minutes 
on the first experimental day, two hours and 30 minutes on the second, and 
two hours and 40 minutes on the third experimental day. No flying occurred 
on control days. 

The following data were collected on each subject on both control and 
experimental days: 


(a) Eosinophile Counts 


These were estimated at the following times: 12:00, 13:00, 14:00, 15:00, 
and 16:00 hours. Blood was taken from the finger in each case, a different 
finger being used in turn so that the previous wound might have a chance to 
heal before the same finger was used a second time. Each sample consisted 


of 0.05 ml. of blood, which was drawn up in a pipette, and then emptied into 
a test tube containing 0.95 ml. of phloxine — propylene glycol diluent, the 
pipette being rinsed several times. The mixture was allowed to stand at 
least twenty minutes before counting. Prior to counting, the solution in the 
test tube was well mixed. The eight platforms of four Fuchs-Rosenthal 
hemocytometer chambers were filled for each determination, which meant 
that the eosinophiles in a total volume of 1.28 cu. mm. of blood were counted. 
The same technician was in charge of collecting the blood and making the 
eosinophile counts throughout the experiment. The counts for the first three 
hours of each day were made on the same day, and the counts for the last two 
hours were made on the following morning, the test tubes containing the 
specimen of blood and diluting fluid being kept in a refrigerator overnight. 


(b) Urinary Corticoid Studies 

Urine was collected from each subject on both control and experimental 
days in two periods: 07:00-12:00 and 12:00-16:00. Each subject reported 
the time of emptying his bladder in the morning prior to starting the collection, 
and this time was noted to the nearest five minutes. Similarly a note was 
made of those occasions when a specimen of urine was lost owing to forget- 
fulness on the part of the subject. 

The urinary corticoids were assayed by the Heard-Sobel reduction method 
(13) in which phosphomolybdic acid is reduced to molybdenum blue by the 
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presence of a primary a-ketol side chain at C17, and/or the presence of an 
unsaturated -3-ketone grouping in ring A (but not elsewhere) (30). Corti- 
costerone, dehydrocorticosterone, 11-desoxycorticosterone, and Compound E 
all answer to one or both of these conditions. A modification of this technique 
was used in that the urine was allowed to stand at room temperature for 
24 hr. at pH 1 before analysis. Duplicate specimens were analyzed for each 
assay. Creatinine was also measured for each specimen. 


(c) Salivary Electrolytes 

A specimen of saliva was collected from each subject at 16:00 each day 
following an hour during which the subjects were instructed not to eat, drink, 
smoke, or take anything into the mouth before the collections were made. 
The collections were begun at 15:45, and approximately 5 ml. were provided 
by each subject, by spitting into a small 10 ml. bottle. The specimens were 
kept in a refrigerator until analyzed. Each sample was centrifuged and 
aliquots of the supernatant fluid were withdrawn and diluted 1:25. Sodium 
and potassium were then determined by a Perkin—Elmer flame photometer (6). 


(d) Additional Measurements 

Additional measurements made were the weight and height of each subject 
from which a determination of the body surface area was calculated (4). A 
record was also kept of the number of hours and the time flown on experi- 
mental days. The number of hours of sleep obtained each night prior to a day 
of observation was noted. The medical file of each subject was examined and 
proved to be negative in each case for such diseases as asthma and allergy. 


(e) Statistical Methods 

The operational Resources Group of the Defence Research Board performed 
the statistical analyses, using analyses of variance, ‘“‘t’’ tests, coefficients of 
correlation, rank order tests, and, in some cases, other tests as well. 


Results 

Eosinophiles 

The eosinophile data (Table 1) were examined from several points of view. 
A comparison of the eosinophile counts on the experimental days with those 
on the control days showed a significant reduction for the group as a whole 
(0.01 level of confidence). A further examination showed that this difference 
tended to decrease with the later hours of testing, so that the differences for 
15:00 and 16:00 hours were not significant at the 0.05 level of confidence. 
These times on the experimental days represent, on the average, an elapsed 
period of time of three and four hours after the end of the flying experience, 
and an elapsed period of 7 to 10 hr. after the beginning of the flying experience. 
This difference is all the more real in the earlier hours of the collection of the 
eosinophile data when it is realized that on control days there seemed to be a 
tendency for the counts to decrease and then increase, whereas on experimental 
days the initial decrease was not seen, the counts beginning as they did already 
from depressed levels. 
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TABLE I 
MEAN EOSINOPHILE COUNT FOR EIGHT PILOTS 


Day of testing 


Hour of Control Expt. 
testing 1 


Control Expt. Control Expt. Control 
2 3 4 


1200 233.4 154.6 187 3. 32.3 177 
1300 196.2 172.4 181. 159.3 
1400 195.5 187.0 178. . j 164.5 
1500 193.4 185.5 187. j 164 
1600 203.5 183.3 189. 223. 205.6 
Daily means 204.4 176.7 184. 172 174.2 
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There was no correlation between the number of hours flown on an experi- 
mental day and the differences observed between the eosinophile counts on 
control and experimental days, so that it could not be established that these 
differences were on the basis of the amount of flying performed. 

There seemed to be a consistent positive relationship between the number 
of hours of sleep and the magnitude of the change in eosinophile count, but 
this result is difficult to interpret, since it was also remarked that the subjects 
tended to sleep longer before a control day than before an experimental day 
(significant at 0.05 level of confidence). 

The foregoing conclusions, based on the statistical analysis, were qualified 
in the report received from the Defence Research Board since, as it was 
pointed out, the data failed to meet two of the basic assumptions necessary for 
an analysis of this kind. First the measures within each group were not 
independent of those in all other groups; secondly the requirement that the 
within group variances be homogeneous was not met. On the other hand, 
where significant values were obtained in the analysis of variance, they were 
significant at better than the 0.01 level of confidence and, therefore, still yield 
convincing evidence relative to the question investigated. Further, confirma- 
tory evidence was obtained by running a series of non-parametric rank order 
tests (41), which are not subject to the foregoing qualifications. 


Salivary Electrolytes 


Three indices were available for analysis: potassium content, sodium 
content, and sodium potassium ratio. There was no clear-cut evidence in 
the data of a consistent difference between control and experimental measures. 
There were indications, however, that, if the size of the sample were increased, 
these measures might prove to be clearly different. 


Urinary Corticoids 

Four urinary indices were analyzed: creatinine/hour; corticoids/hour; 
eorticoids/creatinine; and corticoids/body surface area (Table 11). 

(a) Creatinine/hour.—There was no evidence of any difference between 
creatinine excretion per hour on control days as compared with experimental 
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TABLE Il 


MEAN VALUES OF URINARY CORTICOIDS FOR EIGHT PILOTS 


Day of testing 
Control Expt. Control Expt. Control Expt. Control 
Index 1 1 2 2 3 +3 4 


Creatinine/hr. (mgm.) a.m. R. . wi 75.9 62.0 8. 
p.m. E : f 68.1 81.4 3 


6 

6 

Corticoids/hr. (y) a.m. 02. 32. ‘ 131.3 91. 139.0 
p.m. 137.0 36.5 . 101.1 109. 1 0 


Corticoids/creatinine a.m. é . d 1.72 1. .0 
(y/mgm.) p.m. .85 ; owt 1.49 3. my 
4 

rs | 


Corticoids/ body a.m. : 362. ’ 366.6 3 
surface area (y/m.?) p.m. ‘ 270. ‘ 230.6 2 








days. On the other hand, the rate of creatinine excretion was not constant. 
The afternoon values were larger than the morning values (0.05 level of 
significance), and it appeared that the control day differences were larger than 
those on experimental days. There was a significant (0.01 level) difference 
between individuals in the rate at which they excrete creatinine. 


(b) Corticoids/hour.—There was no evidence of any difference in the 
quantity of corticoids excreted on experimental as compared with control 
days, for the group as a whole. Nor was there any consistent difference 
between morning and afternoon rates of excretion. There was a significant 
(0.01) difference between individuals in their rate of corticoid excretion. 
There was no correlation between number of hours spent flying and the rate 
of corticoid excretion, for the group as a whole. 


(c) Corticoids/creatinine.—This index is sometimes used on the assumption 
that creatinine excretion is usually constant (32, 37) and, although the latter 
did not prove to be so in this experiment, the index was nevertheless submitted 
for statistical evaluation. The only significant (0.01) finding was the 
systematic intersubject differences which existed. 


(d) Corticoids/body surface area.~—Morning values for the group as a whole 
were seen to be significantly (0.01) higher on experimental days by comparison 
with control days. The afternoon differences were not significant at the 
0.05 level of confidence. On both control and experimental days, the rate of 
excretion was significantly (0.01) greater during the morning than during the 
afternoon, but the effect on experimental days was greater than that on control 
days. There was no correlation between the changes in this index and flying 
time. Between-subject differences were significant (0.01). 


Discussion 


As a result of the above experiments it would seem that if adrenocortical 
activity is increased as a result of normal flying activities in jet aircraft the 
measures adopted here were too insensitive to detect such changes. The one 
exception to this conclusion is the positive eosinophile response obtained on 
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experimental days by comparison with control days. This index by itself is 
very difficult to evaluate in terms of adrenocortical activity so that no positive 
deduction from the eosinopenia observed can be made. 

The results obtained for each index will be discussed in turn. 


Eosinophiles 

Although eosinopenia within four hours following the administration of 
ACTH, as in the Thorn test (37), can, under properly controlled circum- 
stances, be considered evidence of the existence of functioning adrenal cortical 
tissue, it is also known that eosinopenia can be produced by the administration 
of epinephrine in the presence (25) or in the absence of adrenal tissue (15, 
18, 36). Also, disassociation between the level of 17-hydroxycorticoids in the 
urine and blood and eosinopenia has been observed following the administra- 
tion of epinephrine (17, 19, 26). The errors inherent in the counting method 
of eosinophiles have been the subject of several studies (1, 2, 8, 14). These 
observations imply that eosinopenia alone, in the absence of other confirmatory 
signs of adrenocortical activity, cannot be considered as evidence of adreno- 
cortical function. For this reason, in the present experiment, the eosinopenia 
observed cannot be attributed to the action of the adrenal cortex, although, 
of course, the results do not preclude this possibility. 

The time relationship is rather interesting. It was observed that the 
eosinopenia was most intense in the early hours of the afternoon on the 
experimental days, and that the eosinophile level tended to reach that of the 
control days during the later hours. This would suggest that by whatever 
mechanism the experimental situation was responsible for the difference 
between eosinophile levels on experimental days by comparison with control 
days, it was the earlier part of the experience rather than the later part, or 
even the total experience, that was responsible for the change. In other 
words, it would seem that getting into the aircraft, and taking off, for the 
first time during the day, were more important in causing eosinopenia than 
was landing the aircraft, or the effort involved in flying for a certain number of 
hours on each experimental day. It may well be also that this finding is 
related to the fewer hours of sleep recorded before the flying day and this in 
turn may reflect some anticipatory anxiety on the part of the pilots, though 
not reported to the experimenters and perhaps not consciously recognized by 
the pilots themselves. 


Salivary Electrolytes 


Because several specimens were too contaminated with mucus, there was 
an inadequate number of observations to confirm the existence of a consistent 
difference between experimental and control days. 

However, like the other indices of adrenocortical activity, this particular 
index also lacks sensitivity. Grad (11), Frawley (7), and others (5, 40) have 
Been able to demonstrate increased adrenocortical activity in cases where the 
activity was probably greatly increased, but the method carries within itself 
certain limitations. Hildes and Ferguson (16), in a study of normal individuals, 
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were able to show that the different salivary glands secrete saliva at varying 
rates in no observable pattern, and of widely varying electrolyte concentration. 
Further they were able to confirm that electrolyte concentration varies with 
the rate of flow of a given gland. Support for this observation is obtained 
from earlier animal and human experiments (3, 12). Mixed saliva, such as 
was collected in our experiment, is therefore a function of the ‘total saliva 
secreted by three sets of glands secreting different quantities of electrolytes 
in an unknown relationship, so that sensitivity to slight changes in adreno- 
cortical influence on this secretion is very unlikely. 

However, another possibility is also at hand to explain the negative results 
with this index. It seems clear from the changes in the eosinophile and 
corticoid indices that wherever changes did occur on the experimental days 
they tended to occur in the early rather than the late hours of the experimental 
days, so that even if the changes had been gross enough to be reflected in the 
salivary index, it is quite possible that they were missed by the timing of the 
index, the saliva being collected at 16:00 hours. 


Corticoids 


It has been shown in many experiments that grossly increased adrenocortical 
activity is reflected in the urine by an increase of glucocorticoids (20, 29, 38). 
The sensitivity of this index, on the other hand, is open to much question. 
It is generally agreed that the quantity of corticoids capable of being detected 
in the urine represents only a small fraction of the total corticoids elaborated 
by the adrenal gland. The general inadequacies of the present methods of 
chemical analysis of glucocorticoids have been pointed out by several authors 
(21, 23, 31, 32). The method (Heard—Sobel (13) ), used in this experiment 
before the adoption of enzymatic hydrolysis was available to us, is admitted 
to be correspondingly more inadequate for the measurement of relatively 
minor increases of adrenocortical activity. The absence of the finding of a 
positive increase of corticoids in the urines of experimental days as compared 
with control days cannot therefore be interpreted as indicating a lack of 
adrenocortical stimulation by the test situation but only absence of the 
relatively marked increase in corticoids which would be picked up by this 
method. 

The corticoid/body surface area index was studied for a special reason. 
Following the observations of Talbot (34, 35) that this index was constant for 
individuals of the same age group, somewhat contradicted by the observations 
of Sprechler (33), it was thought that a larger number of control observations 
could be pooled and the statistical analysis made more sensitive. This 
constancy however was not observed in our subjects, as reported above. It is 
perhaps interesting to note however that this index showed significantly 
greater rates of corticoid excretion on the mornings of experimental days by 
comparison with the mornings of control days, and this despite the generally 
greater increase of morning corticoid excretions over afternoon values, on 
all days. This latter observation confirms what has been stated elsewhere of 
the diurnal rhythm of corticoid excretion (10, 27), but in this experiment, it 
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was the corticoid/body surface area index, and not the corticoid /hour index, 
that proved sensitive enough to measure the difference. For this reason, 
therefore, there is the possibility that the other observed difference, namely 
the greater excretion of corticoids on the morning of experimental days by 
comparison with the control days, may be a more sensitive reflection of what 
actually happened. In the absence of further evaluation of this index, this 
conclusion cannot however be affirmed, but merely suggested. 


Conclusion 


Eosinopenia was observed to occur with the flying of jet aircraft, but only 
suggestive changes were observed in corticoid excretion and none in salivary 
electrolyte concentration. In the absence of other supporting evidence 
therefore, it is an open question whether the eosinopenia was due to adreno- 
cortical stimulation or to excitation of the sympathetic nervous system and 
epinephrine secretion or to both. 
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PHOSPHORUS METABOLISM OF THE ADRENAL 
GLAND OF THE RAT 


EFFECT OF EXPOSURE TO A COLD ENVIRONMENT FOR EIGHT DAYS 
ON THE AMOUNTS AND P®-LABELLING OF PHOSPHOLIPID AND 
RIBONUCLEIC ACID" 


By Doris NICHOLLS,’ F. C. HeaGy,® AND R. J. RossITER 


Abstract 


The incorporation of inorganic phosphate labelled with P® into the lipid P 
and ribonucleotide P of the adrenal glands of rats exposed to cold (3 + 1° C.) 
for eight days was measured 16 hr. after the P® injection. In the cold-exposed 
animals, there was a decrease in the specific activity of both the lipid P and the 
ribonucleotide P and also a decrease in the specific activity of the lipid P and 
the ribonucleotide P relative to that of the inorganic P of the adrenal. The cold 
exposure caused an increase in the amounts of lipid P, ribonucleic acid (RNA), 
and desoxyribonucleic acid (DNA) per pair of adrenals. There was an increase 
in the ratio lipid P : DNA-P, but no change in the ratio RNA-P : DNA-P. 
Calculation showed that the cold exposure caused a decrease in the percentage 
renewal rate of both lipid P and ribonucleotide P, most of which could be attri- 
buted to the increased amounts of lipid P and ribonucleotide P present at the 
beginning of the isotope experiment. However, when allowance for this was 
made by calculating the renewal rates of the P of the phospholipid and RNA 
per pair of adrenals, the values remained slightly less in the cold-exposed animals. 


Introduction 


Previously it was reported that exposure of rats to a cold environment 
(3+1° C.) for short (two, three, and six hours) periods of time caused an 


increase in the incorportion of inorganic phosphate labelled with P® into the 
inorganic phosphate, 20-min. hydrolyzable phosphorus, and total acid- 
soluble phosphorus of the adrenal gland, without causing any change in the 
concentration of phosphorus in these fractions (9). More recently it was 
found that exposure of the animals to the cold for 16 hr. caused an increase in 
the specific activity of the lipid P and ribonucleotide P (8). 

It was concluded that these changes were due to (a) an increase in the rate 
at which inorganic P** passes from the extracellular to the cellular portion of 
the gland and (6) a net synthesis of lipid P and ribonucleotide P, as opposed to 
an increase in the renewal rate of the lipid P and ribonucleotide P already 
present. 

The changes in the phosphorus metabolism of the adrenal gland during a 
short exposure to a cold environment were attributed to the liberation of 
ACTH from the pituitary. This is based on the following evidence: (1) 
The acute response to cold is absent in hypophysectomized rats (10). (2) 
Removal of the pituitary gland causes a decrease in the incorporation of 
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inorganic P® into the total acid-soluble P (12), inorganic P (3, 13), lipid P 
(14), and ribonucleotide P (6) of the adrenal gland. In each instance, the 
changes brought about by hypophysectomy are reversed rapidly by a single 
injection of ACTH. 

Exposure of rats to a cold environment for longer periods (2, 4, 8, and 16 
days) also caused an increase in the incorporation of inorganic P* into the 
acid-soluble P of the adrenal gland, with no change in the concentration of P 
in these fractions (9). However, the response was smaller than that observed 
after the short periods of exposure and was, in part at least, associated with 
an increase in the activity of the thyroid gland (10). 

From these observations on the acid-soluble P, it appeared that the acute 
phase of increased adrenal phosphorus metabolism is modified after the animals 
have been exposed to the cold environment for a week or longer. The present 
experiments were carried out to determine whether there is a change in the 
labelling of the lipid P and ribonucleotide P of the adrenal gland after the 
animals have been in the cold for eight days. In view of the well known 
increase in the weight of the adrenal glands of animals exposed to the cold, 
and of the increases in the amounts of lipid P, ribonucleic acid (RNA) and 
desoxyribonucleic acid (DNA) in the adrenals of rats exposed to the cold for 
only 16 hr. (8), it also was of interest to determine the ambunts of lipid P, 
RNA, and DNA in the adrenal glands of the animals exposed to the cold for 
eight days. 


Methods 
Experimental Procedure 


Young male rats (100-150 gm.) of the Sprague-Dawley strain were main- 
tained either at room temperature (22 + 1°C.) or in a cold environment 
(3 + 1°C.). After a period of seven days and eight hours at either one of 
these temperatures, the animals were injected intraperitoneally with 200 wc. 
P® as inorganic phosphate.* Sixteen hours later, i.e. eight days from the 
beginning of the experiment, blood samples were obtained and the adrenal 
glands removed as described previously (9). | During the experiment all 
animals were allowed free access to food (Master Fox Cubes, Toronto Elevators 
Ltd.) and water. 


Analytical and Counting Methods 


The adrenals from nine rats were pooled to provide sufficient tissue for the 
isolation of the RNA nucleotides. The concentration and the specific activity 
of the inorganic P of the trichloroacetic acid extracts of a pooled sample of 
plasma and the pooled adrenals were determined by the method of Ernster, 
Zetterstrém, and Lindberg (2) as described by Nicholls and Rossiter (9). The 
lipids were extracted for the determination of the concentration and specific 
activity of the lipid P as described by Riedel e¢ a/. (14). The nucleic acids 
were extracted from the lipid-free residue and the specific activity of each of 


*Obtained from Commercial Products Division, Atomic Energy of Canada Limited. 
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the individual RNA nucleotides was determined after separation by iono- 
phoresis on filter paper by the method of Davidson and Smellie (1). In other 
experiments the adrenals from two animals were pooled and the concentrations 
of RNA and DNA were determined by the method Schmidt and 
Thannhauser (16). 

Radioactivity was measured with an M-6 liquid counter (20th Century 
Electronics). Counting rates were corrected for background and decay. 
Specific activities (expressed as counts per min. per wgm. P) were adjusted 
to a standard injection of 4.3 X 107 counts per minute per 200 gm. body weight. 


Results 
Plasma Inorganic Phosphate 


Table I shows that the specific activity of the inorganic P of the plasma, 
16 hr. after the injection of P®, was decreased significantly (P <0.05) in 
animals exposed to cold for eight days. This finding is consistent with previous 
experiments, where the specific activity of the plasma inorganic P was deter- 
mined either two or three hours after P* administration in rats exposed to 
cold for two, four, or eight days (9, 10). Table I also shows that after the 
animals had been in the cold for eight days there was no significant change in 
the concentration of inorganic P in the plasma. This observation is in 
agreement with previous findings (9). 


Adrenal Inorganic Phosphate 


There was a significant decrease in both the specific activity of the adrenal 
inorganic P and the specific activity of the adrenal inorganic P relative to 
that of the inorganic P of the plasma in animals exposed to the cold for eight 
days and studied 16 hr. after the injection of P® (Table 1). This is in contrast 
to the increase previously reported for the relative specific activity of the 
adrenal inorganic P either two or three hours after P® administration (9). 


No significant change in the concentration of inorganic P in the adrenal 
was observed, either in the present experiments (Table I), or in the previous 
experiments (9). 

It is probable that the changes in the specific activity of the inorganic P of 
the adrenal represent changes in the specific activity of the cellular inorganic P. 
Previously it was pointed out that the specific activity of the inorganic P of 
the whole gland does not necessarily give an estimate of the specific activity 
of the cellular inorganic P, since there may be unequal penetration of the 
isotope into the extracellular and cellular compartments of the gland (15). 
The difficulties of determining the specific activity of the cellular inorganic P 
are well known. However, if the specific activity of the cellular inorganic P 
is calculated by the method of Hevesy (4), making the assumptions previously 
described (9), it is found that, in the animals exposed to cold, the changes in 
the cellular inorganic P are similar to those reported for the total inorganic P 
of the gland. 
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Fig. 1 shows the calculated specific activity of the cellular inorganic P of 
adrenal gland and the inorganic P of the plasma 16 hr. after the P®* adminis- 
tration for animals maintained either at room temperature or in the cold for 
eight days. The figure also shows the mean specific activities obtained in 
experiments in which the animals were killed one-half hour, two hours, or three 
hours after the P® administration. 

In the animals exposed to cold the mean specific activity of the inorganic P 
of the plasma was significantly lower at ail times after the P® administration. 
As was found previously, for ‘‘room-temperature’’ animals the specific activity 
of the cellular inorganic P of the adrenal gland reached that of the inorganic P 
of the plasma approximately three hours after P* administration and thereafter 
the two specific activities declined together (15, 8). For animals maintained 
in the cold for eight days, however, the specific activity of the cellular inorganic 
P of the adrenal gland reached that of the inorganic P of the plasma more 
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TIME AFTER P32 (HOURS) 


Fic. 1. Effect of exposure to cold for eight days on the specific activity of the plasma 
inorganic P and on the specific activity of the cellular inorganic P of the adrenal gland of 
rats at different time intervals after P® injection. (Each point represents the mean of 
nine or more animals.) 

j Q---o Plasma inorganic P of room-temperature rats. 
@---@ Plasma inorganic P of cold rats. 
O---©O Adrenal cellular inorganic P of room-temperature rats. 
@---@ Adrenal cellular inorganic P of cold rats. 
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rapidly. It then decreased more rapidly than that of the cellular inorganic P 
of the room-temperature controls. Sixteen hours after the P** injection, the 
specific activity of the cellular inorganic P of the adrenals of the cold-exposed 
animals had fallen to levels below that observed for the animals maintained 
at room temperature. This is in contrast to the previously reported finding 
for rats exposed to the cold for 16 hr. only and given P® at the beginning of the 
experiment. The specific activity of the cellular inorganic P of the adrenals 
of these cold-exposed animals remained greater than that of room-temperature 
controls for the whole of the 16 hr. after the P* administration (8). 


Adrenal Phospholipid 


Table II shows that exposure of the animals to cold for eight days resulted 
in a significant decrease in the specific activity of the lipid P. The specific 
activity of the lipid P relative to that of either the plasma or the adrenal 
inorganic P also was decreased significantly. This finding contrasts with the 
increase observed in animals exposed to the cold for 16 hr. (8). 

In interpreting these specific activity data it is important to know whether 
the total amount of the lipid P present in the adrenals at the time of the isotope 
experiment was the same for the two groups. Table III shows that it was not. 
During the eight days of cold exposure there was a statistically significant 


TABLE II 
EFFECT OF COLD ON THE P® INCORPORATION INTO THE LIPID P OF THE RAT ADRENAL 


(Mean + S.E. mean; P values for cold animals versus room-temperature animals) 








Specific activity relative to: 











Specific Plasma Adrenal 
No. activity inorganic P inorganic P 
Group determinations (c.p.m./ygm. P) xX 102 xX 10 
Room temperature 15 26.6 + 1.4 o2.7 $ 1.4 04 + 0.7 
Eight days cold 7 17.7 + 1.1 41.2 + 1.6 43.8 + 1.4 
a < 0.001 < 0.001 < 0.001 
TABLE III 


EFFECT OF COLD ON THE ADRENAL WEIGHT AND THE AMOUNT OF LIPID P 


(Mean + S.E. mean; P values for cold animals versus room-temperature animals) 











Combined Total lipid P 
No. adrenal weight Lipid P (ugm./pr. 
Group determinations (mgm.) (mgm./100 gm.) adrenals) 
Room temperature 15 27.3 + 0.8 149 + 1.3 40.8 + 1.2 
Eight days cold 7 34.0 + 1.1 164 + 0.7 35:8 + 1.8 
Percentage increase 24.5 10.1 36.8 


P < 0.001 < 0.001 < 0.001 
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increase in the amount of lipid P per pair of adrenal glands. This increase 
(36.8%) was considerably greater than that reported for rats exposed to the 
cold for 16 hr. (11.8% and 13.8%) (8). In the animals exposed to cold for 
eight days, not only was the adrenal weight increased significantly, but there 
was also a statistically significant increase in the concentration of lipid P in 
the adrenals. 


Adrenal RNA Nucleotides 


Table IV shows the effect of exposure to the cold for eight days on the 
incorporation of P® into the four RNA nucleotides of the adrenal gland. In 
the cold-exposed animals the mean specific activity of each of the four nucleo- 
tides, relative to the specific activity of the adrenal inorganic P, was decreased. 
This decrease reached the 5% level of significance for guanylic and cytidylic 
acids. Again, this finding is in sharp contrast to the observation that in rats 
exposed to the cold for only 16 hr., the relative specific activities of the four 
ribonucleotides of the adrenals were significantly increased (8). 


TABLE IV 


EFFECT OF COLD ON THE P® INCORPORATION INTO THE RIBONUCLEOTIDES 
OF THE RAT ADRENAL 


(Mean + S.E. mean; P values for cold animals versus room-temperature animals) 








Specific activity relative to adrenal inorganic P x 10° 








No. 
Group determinations Adenylic acid Guanylic acid Cytidylic acid Uridylic acid 
Room temperature 13 35.7 + 2.2 32.8 + 1.4 33.8 + 1.4 33.3 + 1.7 
Eight days cold 7 30.9 + 2.4 27.9 & 1.1 29.3 & 1.1 31.7 + 1.9 
P 0.2 — 0.1 < 0.05 < 0.05 > 0.5 





Amount of Phospholipid, RNA, and DNA per Pair of Adrenal Glands 

Although electrophoresis of the RNA nucleotides yields a product suitable 
for specific activity determinations, the method is not quantitative. Experi- 
ments in which the lipid P, RNA, and DNA were determined quantitatively 
are reported in Table V. 

For animals maintained in the cold for eight days there was the usual 
significant increase in adrenal weight. In these enlarged adrenals the amounts 
of lipid P, RNA, and DNA per pair of adrenals were significantly increased. 
The percentage increases in the amounts of RNA and DNA were similar to 
those observed in the adrenals of animals exposed to the cold for 16 hr. (8). 
However, the percentage increase in the amount of lipid P per pair of adrenals 
was considerably greater after eight days in the cold than after 16 hr. The 
figures are 36.8% (Table III) and 31.0% (Table V) after eight days, as 
opposed to 11.8% and 13.8% after 16 hr. in the cold (8). For this reason the 
ratio of lipid P : DNA-P was significantly increased in animals exposed to the 
cold for eight days (Table V), but not in animals exposed for 16 hr. (8). The 
ratio RNA-P : DNA-P was not significantly increased after either period of 
exposure. 
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Discussion 
Phospholipid 


If it is assumed that lipid P is formed in the adrenal gland from inorganic P, 
or from some compound in rapid equilibrium with inorganic P, with no rate- 
limiting reaction intervening, the percentage of the lipid P present that has 
been renewed at the end of the experiment is given by the percentage ratio 
of the specific activity of the lipid P to the mean specific activity of the 
cellular inorganic P during the time interval of the experiment. This time 
interval must be so chosen that the renewal of lipid P already labelled is 
sufficiently small to be ignored (4). In making the calculation it is assumed 
that there is no alteration in the size of the metabolic pool of lipid P during 
the time of the tracer experiment. 

In the present experiments there was an increase in the amount of lipid P 
per pair of adrenal glands during the eight days of cold exposure. Approxi- 
mately one-third to one-half of the newly-formed lipid P was synthesized 
during the first 16 hr. of exposure (8) and it is probable that most of the 
remainder was formed in the immediately succeeding days. Thus it is likely 
that little new lipid P was formed during the 16 hr. of the isotope experiment, 
which was carried out on the eighth day of cold exposure. 

Using figures for the mean specific activity of the intracellular inorganic P 
evaluated graphically from the data presented in Fig. 1, the renewal of adrenal 
lipid P was calculated for room-temperature and cold-exposed animals (Table 
VI). The percentage of the lipid P present that was renewed during the 16 hr. 
of the experiment was decreased from 20.5% in the room-temperature rats to 
13.2% in the cold-exposed animals. When the amount of lipid P present in 
the adrenals at the time of the isotope experiment was taken into considera- 
tion, it was found that the amount of lipid P renewed per pair of adrenals 
during 16 hr. remained less in the cold-exposed animals. The figures were 
8.98 ugm. for the animals maintained at room temperature and 7.58 wgm. for 
those exposed to the cold, or a decrease of some 15%. At first sight, such a 
decrease in the calculated figure for the renewal of lipid P might not be con- 
sidered of great significance, but it must be borne in mind that any net 
synthesis of lipid P that might take place during the 16 hr. of the isotope 
experiment would cause an apparent increase in the calculated figure for the 
renewal rate. It would thus appear, as suggested above, that little new 
lipid P was formed during the isotope experiment. Moreover, as is shown 
below, a similar situation occurred for each of the four ribonucleotides. 


RNA Nucleotides 


The decrease in the labelling of the adrenal RNA nucleotides in rats exposed 
to cold for eight days, like the decrease in the labelling of lipid P, contrasts 
with the findings for animals exposed to the cold for only 16 hr. (8). 

. The renewal of the RNA nucleotides was calculated for room-temperature 
and cold-exposed animals by the methods already described for lipid P (Table 
VI). The percentage of each of the four RNA nucleotides that was renewed 
during the 16 hr. of the experiment was greatly decreased in the adrenals of 
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TABLE VI 


EFFECT OF COLD ON THE RENEWAL OF LIPID P AND RIBONUCLEOTIDE P 
IN THE ADRENAL GLAND 








Percentage renewed Amount renewed 
((¢ of that present) (ugm. P/pr. adrenals) 


Room Room 
temperature* 8 days coldt temperature* 8 days coldt 





Lipid P 20.:! 43.2 8.98 7.58 

Adenylic acid P 14 9.33 .573 0.429 
Guanylic acid P 135 8.43 525 0.388 
Cytidylic acid P 13. 8.81 541 0.405 
Uridylic acid P 13. 9.55 533 0.439 





*Based on a mean specific activity for cellular inorganic P of 130 cts./min./pgm. P, evaluated 
graphically from Fig. 1. 


tBased on a mean specific activity for cellular inorganic P of 134 cts./min./ugm. P, evaluated 
graphically from Fig. 1. 


the cold-exposed rats. Making the simplifying assumption that one-quarter 
of the ribonucleotide P is present in each of the four individual nucleotides, 
the amount of P in each nucleotide renewed during the isotope experiment per 
pair of adrenals may be calculated. Table VI shows that, as opposed to the 
percentage renewal, the amount of ribonucleotide P renewed per pair of 
adrenals did not differ so greatly from that found for the control animals 
maintained at room temperature. However, in each instance the amount 
renewed was less in the cold-exposed rats. For example, 0.573 ugm. adenylic 
acid P was renewed per pair of adrenals in the room-temperature rats, 
compared with 0.429 ugm. for cold-exposed rats. The results for guanylic 
acid P, cytidylic acid P, and uridylic acid P were similar. 


Adrenal Phosphorus Metabolism in Cold-exposed Animals 


The enlarged adrenals found in rats exposed to the cold for eight days 
contain increased amounts of lipid P, RNA, and DNA. If, for the adrenal 
gland, the amount of DNA is proportional to the number of cells, or metabolic 
units, as is commonly believed for other tissues, then the increase in DNA 
reflects an increase in the number of cells in the gland. Since the ratio of 
RNA to DNA did not change significantly, it is likely that the amount of 
RNA per cell is unchanged in the cold-hypertrophied gland. The increase in 
the ratio of lipid P to DNA suggests that the cold-hypertrophied adrenal may 
contain an increased amount of phospholipid per cell. An increase in the 
amount of adrenal phospholipid has been reported after ACTH injection (14), 
after other forms of stress (11, 7), though not after extreme muscular 
activity (5). 

During the acute response of the animal to a cold environment (e.g. first 
16 hr.), the adrenal glands begin to hypertrophy, as is shown by their increased 
weight and by an increase in the formation of lipid P, RNA, and DNA. 
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There is an increased labelling of lipid P and ribonucleotide P from inorganic 
P*, the result of a net synthesis of each of these substances during the time 
of the isotope experiment, rather than an increase in the rate of renewal of 
the lipid P or ribonucleotide P already present in the gland (8). 

At a later stage in the exposure of the animal to the cold (e.g. eight days), 
the metabolism of the adrenal gland seems to be approaching a new equilibrium. 
The total amount of lipid P, RNA, and DNA per pair of adrenals is greater 
than the amount of the corresponding substance in the adrenals of animals 
maintained at room temperature. In a 16-hr. labelling experiment, the 
specific activity of both the lipid P and ribonucleotide P is lower. There is a 
decreased percentage renewal of these substances, most of which may be 
accounted for by the greater amounts of lipid P and ribonucleotide P present 
at the beginning of the isotope experiment. However, when allowance for 
this is made by calculating the rates of renewal per pair of adrenals, it is 
found that for both lipid P and ribonucleotide P the amounts renewed are 
somewhat smaller in the adrenals of the cold-exposed animals than in the 
controls maintained at room temperature. These differences may reflect a 
decreased rate of synthesis and breakdown of phospholipid and RNA in the 
adrenals of animals that have been exposed to the cold for eight days. 


Acknowledgment 


The authors gratefully acknowledge the assistance of Mrs. Gertrude 
Lovegrove. 


References 


. Davipson, J. N. and SMELLIE, R. M. S. Biochem. J. (London), 52: 594. 1952. 

. ERnSTER, L., ZETTERSTROM, R., and LinpBEerRG, O. Acta Chem. Scand. 4:942. 1950. 
. GeMzELL, C. A. and SamueEts, L. T. Endocrinology, 47:48. 1950. 

Hevesy, G. Radioactive indicators. Interscience Publishers, Inc., New York. 1948. 
Knourr, R. A., Brown, J. B., and SCHNEIDER, B. M. Anat. Record, 79:17. 1941. 
Locan, J. E., Heacy, F. C., and Rossiter,.R. J. Endocrinology, 56:455. 1955. 

. Lupewic, S. and CuHanutin, A. Endocrinology, 38 : 376. 1946. 

. NicuHo.ts, D., Heacy, F. C., and Rossiter, R. J. Endocrinology. In press. 1956. 

. NicHOLts, D. and Rossiter, R. J. Can. J. Biochem. Physiol. 33 : 233. 1955. 

. NICHOLLS, D. and Rossiter, R. J. Endocrinology, 56: 547. 1955. 

. Popyak, G. J. Pathol. Bacteriol. 56:485. 1944. 

. Reiss, M. and Hatxerston, J. M. J. Endocrinol. 6: 369. 1950. 


. RrepEL, B. E., LoGan, J. E., DeLuca, H. A., and Rossiter, R. J. Can. J. Biochem. 
Physiol. 32: 251. 1954. 


. RreEpEL, B. E., LoGAn, J. E.,and Rossirer, R.J. Endocrinology, 55: 219. 1954. 
. RiEDEL, B. E. and Rossiter, R. J. Can. J. Biochem. Physiol. 32 : 261. 1954. 
. ScnmipTt, G. and THANNHAUSER, S. J. J. Biol. Chem. 161 : 83. 1945. 


1 
2 
3 
4. 
5. 
6. 
7 
8 
9 





THE EFFECT OF DIHYDROSTREPTOMYCIN ON THE 
FORMATION OF BETA-GALACTOSIDASE BY ESCHERICHIA COLI! 


By W. J. POLGLASsE 


Abstract 


In confirmation and extension of previous observations on the effect of dihydro- 
streptomycin on adaptive enzyme formation, it was observed that the formation 
of the enzyme §-galactosidase was inhibited by dihydrostreptomycin in a strain 
of Escherichia coli which could not multiply in the presence of this antibiotic. 
Formation of §-galactosidase was not inhibited in E. coli variants which could 
multiply in the presence of dihydrostreptomycin or which required the antibiotic 
for multiplication. 


In a previous communication (5) from this laboratory, it was reported that 
dihydrostreptomycin (or streptomycin) inhibited adaptive enzyme formation 
in a strain of Escherichia coli in which multiplication was inhibited by the 
antibiotic. Dihydrostreptomycin-resistant or -dependent variants could form 
adaptive enzymes in the presence of the antibiotic. Oxygen uptake by resting 
cells in the presence of a suitable oxidizable enzyme-inducer was used as the 
criterion of adaptive enzyme formation. In order to confirm the observed 
effects on adaptation (5), it was considered desirable to study the effect of 
dihydrostreptomycin on the induction of a single enzyme which could be 
measured quantitatively. The effect of dihydrostreptomycin on the adaptive 
formation of the enzyme §-galactosidase has, therefore, been determined in 
antibiotic-sensitive, -resistant, and -dependent E. coli. 


Experimental 


The three cultures described previously (5) were used: dihydrostrepto- 
mycin-susceptible, -resistant, and -dependent strains of E. coli. The synthetic 
medium previously described (5) was supplemented with 0.05% yeast extract 
(Nutritional- Biochemicals Corporation) in order to obtain higher yields of 
cells. As before (5), glucose (0.2%) was used as the carbon source. For the 
growth of dihydrostreptomycin-resistant and -dependent E. coli, 500 units 
per ml. of dihydrostreptomycin was added to the medium before inoculation. 
The bacterial cells were harvested after 20 hr. growth in Roux flasks at 37° C., 
and were washed twice with physiological saline. The washed cells were 
suspended in 17/50 phosphate buffer, pH 7.5, and incubated at 37° C., for 
30 min., with or without dihydrostreptomycin. Analyses of suspensions 
showed a concentration of 0.035 mgm. bacterial nitrogen per ml. Following 
this, lactose was added, usually to give a final concentration of 2 micromoles 
per cc. The suspension was incubated for three hours at 37° C. and then 
treated for five minutes in a Raytheon 10 kc. sonic oscillator. The disrupted 


1Manuscript received October 11, 1955. 
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cell preparations (sonicates), or suitable dilutions thereof, were analyzed for 
8-galactosidase by a modification of the procedure of Lederberg (3). To 
2.5-cc. aliquots of the sonicates in 10-mm. absorption cells were added 0.2-ml. 
portions of a M/200 solution of o-nitro-B-phenylgalactoside (ONPG). The 
enzymatic hydrolysis of ONPG to o-nitrophenol was allowed to proceed at 
room temperature (23° C.). Readings were taken at five-minute intervals at 
a wave length at 420 my in a Beckman Model B spectrophotometer. 
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Fic. 1. The hydrolysis at 23°C. of ONPG by sonicates of washed suspensions of 
dihydrostreptomycin-susceptible E. coli grown with glucose as carbon source (initial 
readings substracted). A: no dihydrostreptomycin; B: 10 units; C: 25 units per ml. 
added prior to induction with lactose. 


Fic. 2. The hydrolysis at 23°C. of ONPG by sonicates of washed suspensions of 
antibiotic-susceptible E. coli grown on lactose as carbon source (initial readings sub- 
tracted). A, D: no dihydrostreptomycin; B, C: 500 units per ml.; A, B: no inducer; 
C, D: laetose inducer. 

Fic. 3. The hydrolysis at 23°C. of ONPG by sonicates of washed suspensions ‘of 
antibiotic-resistant E. coli grown with glucose.as carbon source (initial readings sub- 


tracted). A: no dihydrostreptomycin; B: 500 units per ml. added prior to induction 
with lactose. 


Fic. 4. The hydrolysis at 23°C. of ONPG by. sonicates of washed suspensions of 


antibiotic-dependent E. coli grown with glucose as carbon source. A: no dihydro- 
streptomycin; B: 500 units per ml. added prior to incubation with lactose. H's 
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Results 


The activity of the induced 8-galactosidase in cell suspensions which had 
been disrupted by sonic oscillations is shown in Figs. 1-4. The extent of 
hydrolysis of o-nitro-B-phenylgalactoside is recorded in optical density units 
at 420 mu. 

The production of B-galactosidase in dihydrostreptomycin-sensitive E. coli 
grown on glucose was decreased, markedly, by as little as 10 units per cc. of 
dihydrostreptomycin (Fig. 1). A concentration of 25 units per cc., or higher, 
completely prevented the formation of B-galactosidase. When the dihydro- 
streptomycin-sensitive E. coli strain was grown on lactose, subsequent exposure 
of the harvested, washed cells to a high level of the antibiotic did not signi- 
ficantly affect beta-galactosidase action (Fig. 2). The dihydrostreptomycin- 
resistant and -dependent variants could develop {-galactosidase in the 
presence of dihydrostreptomycin (Figs. 3 and 4). The resistant and dependent 
strains actually developed a higher level of B-galactosidase subsequent to 
exposure to dihydrostreptomycin than when none of the antibiotic was added 
during adaptation (Figs. 3 and 4). 


Discussion 


In previous work (5), it was shown that adaptation to the oxidation of 
carbohydrate substrates was inhibited by dihydrostreptomycin in a strain of 
E. coli in which cell multiplication was inhibited by this antibiotic. Measure- 
ment of oxygen uptake by washed cell suspensions was the method used to 
determine inhibition of adaptation (5). Adaptation to oxidizable inducers 
was not inhibited by dihydrostreptomycin in dihydrostreptomycin-resistant 
and dihydrostreptomycin-dependent E. coli (5). A similar, recent study by 
Kushner (2) has shown that adaptive enzyme formation is inhibited by 
chloromycetin in chloromycetin-sensitive Pseudomonas fluorescens but not in 
resistant variants. These two observations (2, 5) appear to constitute the 
only record to date of an antibiotic sensitive metabolic process in resting cells 
which correlates with the effects of the antibiotic on cell multiplication in both 
antibiotic-sensitive and antibiotic-resistant microorganisms. In both studies 
(2, 5), it was demonstrated that only in the antibiotic-sensitive microorganism 
was adaptation inhibited. 

Since the measurement of oxygen uptake by cell suspensions is, at best, a 
relatively non-specific method for demonstrating enzymatic adaptation, the 
present study of the effect of dihydrostreptomycin on B-galactosidase forma- 
tion confirms and extends the previous observations (5). This work shows also 
that the amount of dihydrostreptomycin which inhibits multiplication of 
antibiotic-sensitive E. coli (25 to 30 units per ml.) is likewise the amount 
which prevents formation of the adaptive enzyme (Fig. 1). The data show 
also that it is the formation of B-galactosidase and not the action of this 
enzyme which is inhibited by dihydrostreptomycin (Fig. 2). 

Formation of B-galactosidase is not inhibited in resistant and dependent 
E. coli by high levels of dihydrostreptomycin (Figs. 3 and 4). Thus, the 
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conclusion from previous bacterial respiration studies (5) that dihydro- 
streptomycin inhibits enzymatic adaptation in susceptible E. coli but not in 
resistant and dependent variants has been confirmed by measurement of a 
single induced enzyme. 

The succeeding paper (4) reports results of respiration and 8-galactosidase 
induction studies on dihydrostreptomycin-dependent E. coli which further 
implicate the process of adaptive enzyme formation as being an important 
site of action of dihydrostreptomycin. 

Admittedly, enzymatic adaption is so complex that the observation that 
dihydrostreptomycin affects this process offers no clear explanation of the 
mode of action of this antibiotic. However, the effects on adaptation are 
reproducible and consistent in contrast to the numerous, often contradictory 
observations concerning the effect of streptomycin and related antibiotics on 
oxidation of a variety of metabolic intermediates (6). 

It should be noted that Creaser (1) has recently observed an inhibitory 
effect of streptomycin on #-galactosidase formation in a streptomycin- 
susceptible strain of Staphylococcus aureus. 

Further studies on the mechanism of action of dihydrostreptomycin on 
adaptive enzyme formation and on cell division are in progress. 
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ADAPTIVE ENZYME FORMATION BY DIHYDROSTREPTOMYCIN- 
DEPENDENT ESCHERICHIA COLI! 


By W. J. PoLGLase, SUSAN PERETZ, AND SUSAN M. ROOTE 


Abstract 


An apparent requirement for dihydrostreptomycin for the formation of 
adaptive enzymes has been demonstrated in a strain of E. colt which requires 
this antibiotic for cell multiplication. The effect of dihydrostreptomycin on 
the formation of adaptive enzymes by E. coli has been shown to be consistent 
with the effect of the antibiotic on bacterial multiplication. 


Introduction 


Streptomycin and dihydrostreptomycin have been observed to affect the 
oxidation of many substances by susceptible microorganisms. To date, how- 
ever, no metabolic process has been found which is inhibited in streptomycin- 
susceptible microorganisms, unaffected in streptomycin-resistant variants, and 
enhanced or initiated by the antibiotic in streptomycin-dependent strains. If 
such a process were found, it would necessarily be of significance to the mode 
of action of this antibiotic. 

In previous communications from this laboratory (4, 6), it was reported 
that dihydrostreptomycin* inhibits the formation of adaptive enzymes in 
washed suspensions of dihydrostreptomycin-sensitive E. coli. E. coh 
variants which could multiply in the presence of the antibiotic (dihydro- 
streptomycin-resistant) or which required the antibiotic for multiplication 
(dihydrostreptomycin-dependent) could form adaptive enzymes in the 
presence or in the absence of the antibiotic. The present paper reports a 
study of dihydrostreptomycin-dependence in which the objective was to 
determine if dihydrostreptomycin is required for the formation of adaptive 
enzymes by non-proliferating dependent E. colt. 

Antibiotic-dependent E. coli will not multiply without the presence in the 
nutrient medium of dihydrostreptomycin (or a closely related antibiotic such 
as streptomycin or mannosidostreptomycin). On the other hand, it is not 
possible to study effects of dihydrostreptomycin on washed suspensions of 
dependent cells unless one ¢an obtain, initially, cells which are essentially 
devoid of antibiotic. Thus, in previous studies (4, 6) on the effect of dihydro- 
streptomycin on the formation of adaptive enzymes, no differences were 
observed between antibiotic-resistant and antibiotic-dependent E. coli. This 
is because the dependent cells, which were harvested from medium containing 
dihydrostreptomycin, had, apparently, irreversibly absorbed sufficient anti- 
biotic from the medium to nullify anticipated effects of the addition of 
dihydrostreptomycin. In the work reported herein, it has not been possible 

1Manuscripl received January 31, 1956. ; _ ’ _ 

Contribution from the Department of Biochemistry, Faculty of Medicine, University of British 
Columbia, Vancouver, B.C., Canada. 

*It ts probable that streptomycin and oy gen Nag en have the same effect on biochemical 
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to obtain dependent E. coli cells which are completely free of dihydrostrepto- 
mycin. However, it has been possible to obtain dependent E. coli cells in 
which the antibiotic concentration is sufficiently low to show marked effects 
on addition of antibiotic. 


Experimental 


The dihydrostreptomycin-dependent E. coli was grown, as described 
previously, on inorganic medium supplemented with yeast extract, with 
glucose as the carbon source, at an antibiotic level just sufficient to yield 
adequate cells for respiration and enzyme studies. Following numerous trial 
experiments, an amount of 35 units of dihydrostreptomycin per ml. of medium 
was found to be satisfactory. 

The dihydrostreptomycin-dependent cells were harvested and washed four 
times with physiological saline. The washed cells were then incubated for 
30 min. at 37° C., in the presence, or in the absence, of dihydrostreptomycin 
prior to the addition of inducer or substrate. As in previous work (6), the 
formation of adaptive enzymes was determined by measurement of oxygen 
uptake in the presence of inducer or substrate, or by analysis for 
8-galactosidase (3, 4), when lactose was used as inducer. 

In respiration experiments, each cup of the Warburg apparatus contained 
phosphate buffer: 1.5 ml. of 17/15, pH 7.0; dihydrostreptomycin sulphate, 
when present: 0.3 ml. of a solution containing 10,000 units per ml; substrate 
solution (added at zero time): 0.2 ml. (20 micromoles); bacterial cell 
suspension (2.4 mgm. N per ml.): 0.5 ml.; and distilled water to bring the 
total volume to 3.0 ml. The center well contained 0.15 ml. of 20% potassium 
hydroxide solution. 

In studies on the formation of §-galactosidase, the procedure previously 
described was used (4). Bacterial suspensions (0.035 mgm. N per ml.) were 
incubated for 30 min. at 37° C., with or without dihydrostreptomycin, followed 
by incubation for three hours with lactose. The bacterial suspensions, some- 
times after disruption by sonic oscillation, were analyzed for 8-galactosidase 
with 0-nitrophenyl-8-D-galactoside (ONPG) as substrate, by a modification of 
the procedure of Lederberg (1). Optical densities were read in the Beckman 
Model B Spectrophotometer at 420 my. Disruption was produced by treat- 
ment of bacterial cell suspensions for five minutes in a Raytheon 10 ke. 
sonic oscillator. 


Results 


Oxidation of D-glucose by antibiotic-dependent E. coli, grown with D-glucose, 
Was not significantly enhanced by the addition of dihydrostreptomycin (Fig. 
1). On the other hand, oxidation of L-arabinose by E. coli grown with glucose 
proceeded at an appreciable rate only in cell suspensions which had ‘been 
incubated previously with dihydrostreptomycin (Fig. 2). When antibiotic- 
dependent cells were grown with arabinose as the carbon source, dihydro- 
streptomycin was not required either for oxidation of glucose (Fig. 3) or for 
oxidation of arabinose, although enhancement of oxidation of arabinose did 
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Fic. 1. Curve A, no dihydrostreptomycin; B, 1000 units per ml., preincubated 30 
min. Substrate added at zero time. Endogenous values subtracted. 


Fic. 2. Curve A, no dihydrostreptomycin; B, 1000 units per ml., preincubated 30 
min. Substrate added at zero time. Endogenous values substracted. 


Fic. 3. Curve A, no dihydrostreptomycin; B, 1000 units per ml., preincubated 30 
min. Substrate added at zero time. Endogenous values subtracted. 


Fic. 4. Curves B, D, no dihydrostreptomycin; A, C, 1000 units per ml., preincubated 
30 min. Substrates added at zero time. Endogenous values subtracted. 


occur in the presence of antibiotic (Fig. 4). In Fig. 4 it may be noted also 
that arabinose-grown cells oxidized lactose only after a lag of about 50 
minutes and that this oxidation was enhanced markedly by preincubation 
with dihydrostreptomycin. 

In experiments on the formation of 8-galactosidase, it was observed that 
preincubation of antibiotic-dependent cells with dihydrostreptomycin 
enhanced the production of enzyme. This was found both when intact cells 
were assayed (Fig. 5) or when sonic-disrupted cells were tested (Fig. 6). 


Discussion 


Miller and Bohnhoff (2) first observed that bacteria which were originally 
streptomycin-susceptible could spontaneously become streptomycin-dependent. 
This unusual phenomenon was studied further by Rake (5) and by Paine and 





POLGLASE ET AL.: DIHYDROSTREPTOMYCIN DEPENDENCE 





+ DIHYDROSTREPTOMYCIN - , t |. DIHYDROSTREPTOMYCIN- 
DEPENDENT €. COLI OEPENDENT €. COLI 
(CELLS) (SONICATES) 


DENSITY 


OPTICAL 

















20 wD 40 50 3660 70 
MINUTES MINUTES 


Fic. 5. Hydrolysis of ONPG by dependent E. coli cells. Curve A, no dihydro- 
streptomycin; B, 10 units, C, 1000 units per ml., preincubated 30 min. Cells were 
incubated three hours with lactose. Initial values subtracted. 

Fic. 6. Hydrolysis of ONPG by sonic-disrupted cells of dependent E. coli. Curve A, 
no dihydrostreptomycin; B, 50 or 100 units per ml., preincubated 30 min. Cells were 
incubated three hours with lactose. Initial values subtracted. 


Finland (3) who observed that dependency in the mutant strain was quantita- 
tively related to susceptibility in the parent culture. It was observed also (5) 


that, of the many modified forms of streptomycin (e.g. dihydrostreptomycin, 
mannosidostreptomycin, streptidine, etc.), only those with antibiotic activity 
towards the parent, susceptible organism could support multiplication of the 
dependent variant. 


In the study herein recorded, it has been found that in dihydrostreptomycin- 
dependent E. coli, adaptive enzyme formation occurs readily when dihydro- 
streptomycin has been added, but not to any appreciable extent in the absence 
of added antibiotic. The slight extent to which adaptation does occur without 
added dihydrostreptomycin may be due entirely to residual amounts of 
antibiotic absorbed by the bacterial cells during growth on dihydrostrepto- 
mycin-containing medium. 

The effect of dihydrostreptomycin on dependent E. coli grown with 
L-arabinose as carbon source (Fig. 4) requires special comment. In the 
absence of dihydrostreptomycin, resting cell suspensions are able to oxidize 
L-arabinose at an appreciable rate (Curve B, Fig. 4). However, the rate of 
oxidation is increased when the cells are preincubated with antibiotic (Curve 
A, Fig. 4). These results indicate that, even though an arabinose-oxidizing 
enzyme system is present in cells grown with arabinose, further enzyme 
production is possible in the presence of both dihydrostreptomycin and 
substrate, but not in the presence of substrate alone. The same preparation 
of cells was used in an experiment, run concurrently, with lactose as substrate 
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(Curves C and D, Fig. 4).__In this case the results indicate that dependent 
cells grown with arabinose will not adapt to lactose unless dihydrostrepto- 
mycin is present. 

In all Warburg experiments, the final concentration of antibiotic, chosen 
arbitrarily, was 1000 units per ml. In determinations of #-galactosidase 
formation, various concentrations of antibiotic were used. In previous work 
with antibiotic-susceptible E. colt, appreciable inhibition of 8-galactosidase 
formation was demonstrated with 10 units per ml. of dihydrostreptomycin (4). 
Complete inhibition of 8-galactosidase formation was demonstrated with 25 
units per ml. of dihydrostreptomycin (4). The enhancement of 8-galactosidase 
formation in antibiotic-dependent E. coli cells with as little as 10 units per ml. 
of dihydrostreptomycin is shown in Fig. 5. The data of Fig. 6 were obtained 
by analysis of cell-free sonicates and show that a concentration of 100 units 
per ml. of dihydrostreptomycin is no more effective in enhancing the formation 
of 8-galactosidase than is a concentration of 50 units per ml. Thus, the 
concentration of dihydrostreptomycin which shows an effect on adaptive 
enzyme formation in E. coli is of the same order of magnitude as the concentra- 
tion which affects cell multiplication. It can be added that when cells are 
incubated with lactose, then disrupted by sonic oscillation, the enzyme 
activity in such cell-free preparations is not increased by the addition of 
dihydrostreptomycin. 

It appears reasonable to conclude that there is a very direct relationship. 
between the dihydrostreptomycin requirement for multiplication of dependent 
E. coli and the antibiotic requirement for enzymic adaptation by resting. 


dependent cells. The general picture is thus consistent: that adaptive- 
enzyme formation is inhibited by dihydrostreptomycin in antibiotic-susceptible- 
E. coli, but not in the resistant variant, and that adaptive-enzyme formation 
is initiated, or at least markedly enhanced, by dihydrostreptomycin in anti- 
biotic-dependent E. coli. Further studies are now in progress on the kinetics. 


and mechanism of enzyme formation in dihydrostreptomycin-dependent 
E. coli. 
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IDENTIFICATION OF A HYPERGLYCEMIC FACTOR IN URINE! 
By F. Moya, J. C. SzErRB, AND MARGARET MAcINTOSH 


Abstract 


The precipitate obtained by the addition of two volumes of ethanol to acidified 
human urine (APU) has been previously found to be hypotensive and hyper- 
glycemic when injected into rabbits. The experiments reported show that the 
hypotensive action of APU is not inhibited by atropine or antihistamine com- 
pounds. Following preincubation for one minute, a mixture of blood serum and 
APU contracts the guinea pig ileum. This action is not inhibited by atropine, 
antihistamine compounds, or soybean trypsin inhibitor. APU, per se, is not a 
smooth-muscle stimulant. Following prolonged incubation with serum, APU 
loses its hypotensive and hyperglycemic properties. Padutin, a commercial 
preparation of the hypotensive agent kallikrein, has been shown to be hyper- 
glycemic in the rabbit and this action can be prevented by ergotamine. he 
experiments reported indicate that the hypotensive agent present in APU is 
probably kallikrein and that it is indirectly responsible for the hyperglycemic 
response elicited by the extract. From the chemical properties of kallikrein it 
appears likely that it is responsible for the reported hyperglycemic action of 
urinary extracts prepared by a variety of procedures. 


Introduction 


Earlier experiments by one of us (F.M.) have shown the presence of both 
glycogenolytic and hyperglycemic activity in extracts of normal human urine 
prepared by alcohol precipitation (13). Jn vitro glycogenolysis has been 
shown to be due to the presence of urinary amylase in the extracts (14), 
whereas hyperglycemia appears to be a secondary response to a hypotensive 
agent (15). 

The present communication deals with attempts to identify the hypotensive 
agent in these extracts. The experiments reported below are compatible 
with the interpretation that kallikrein is responsible for the hypotensive 
activity of the preparation, and thus, indirectly, for its hyperglycemic action. 


Methods and Results 


Male New Zealand white rabbits weighing between 3 and 4.5 kgm. were 
used; all animals were fed the same commercial diet (Purina). Dogs and cats 
were mongrels fed standard laboratory diet. Blood glucose was determined by 
the method of Nelson (16) using Folin-Wu sugar tubes. The arterial blood 
pressure was recorded in the carotid artery, with sodium citrate as anti- 
coagulant. All animals were anesthetized with a mixture of urethane (500-700 
mgm./kgm.) and sodium phenobarbital (130-160 mgm./kgm.) given intra- 
peritoneally. Guinea pigs weighing 240-700 gm. were used for the ileum 
preparations. After the animal was killed by a blow on the head, the ileum 
was removed and washed with Tyrode solution at room temperature; segments 
approximately 4 cm. long were suspended in a 23 ml. bath and incubated at 

‘Manuscript received November 21, 1955. 
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36°C. The longitudinal contractions of the gut were recorded in the usual 
manner. In all experiments the serum used was obtained from healthy 
human subjects. 

The urinary extract was prepared by the procedure previously described 
(13), and will be referred to as the alcohol precipitate from urine (APU). 


Analysis of Hypotensive Action 


The hypotensive action of APU which was first demonstrated on rabbits 
(15) has been analyzed using the dog, a species that we have found to be very 
sensitive to this material. Fig. 1 presents a representative experiment show- 
ing that APU, at a dose level of 12 ugm. per kgm. body weight, induced a 
marked decrease in the arterial blood pressure of the dog. This effect was 
not inhibited by a dose of atropine, which completely blocked doses of 
carbamylcholine chloride having a comparable hypotensive action. Attempts 
to determine whether APU-induced hypotension was mediated by histamine 
were inconclusive because in the dog we were unable to completely block the 
hypotensive action of this drug by antihistamine compounds. The response 
to histamine was decreased by only 6 mm. Hg after the administration of the 
antihistamine compounds (Fig. 1). 

Similar studies in the cat proved to be fruitless because the sensitivity of 
this species to APU is low. 





Fic. 1. Dog: 12.5 kgm. Blood pressure changes in mm. Hg. The following sub- 
ea were given through cannula in femoral vein: 
Carbamylcholine chloride, 10 ugm. 6. Histamine phosphate, 20 ugm. 
2: APU, 12 ugm./kgm. 7. Phenergan, 0.2 mgm./kgm 
3. Atropine sulphate, 1 mgm./kgm. Benadryl hydrochloride, 0. 33 mgm./kgm. 
4. Carbamylcholine chloride, 10 ugm. Neo-antergan, 0.2 mgm./kgm. 
5. APU, 12 pgm./kgm. 8. Histamine phosphate, 20 ugm. 
9. APU, 12 ugm./kgm. 
Fic. 2. Records of in vitro contractions of guinea pig ileum preparations. Additions 
made in 1 ml. isotonic saline unless otherwise specified. 
. Histamine phosphate in water, 1 wgm. 
. APU, 1000 ygm. 
a Serum, 0.5 ml. 
. APU, 1000 ygm. in 1 ml. saline preincubated for one minute at room tempera- 
ture with 1 ml. serum; 1 ml. of mixture added to intestine. 
. Histamine phosphate in water, 1 ugm. 
. APU, 250 pgm. in 0.5 ml. saline preincubated for one minute at room tempera- 
ture with 1 ml. —" 1 ml. of mixture added to intestine. 
. Phenergan, 2.5 yu 
" Coamaibelian 1 a 0.5 ugm. 
. Atropine sulphate, 25 ugm. 
Fic. 3. Record of in vitro contractions of guinea pig ileum preparation. Volume of 
all additions 1 ml. 
. Histamine phosphate, 1! nan 
. Serum-saline mixture (1 : 
. Trypsin, 6 mgm. in 1.0 ml. sie preincubated for three minutes at room temperature 
with 1.0 ml. serum; 1.0 ml. of mixture added to intestine. 
. Conditions identical to (3) above, except that the serum contained 6 mgm. soybean 
trypsin inhibitor. 
. APU, 0.5 mgm. in 1.0 ml. saline preincubated for one minute at room temperature 
with 1.0 ml. serum; 1.0 ml. of mixture added to intestine. 


. Conditions identical to (5) above, except that the serum contained 6 mgm. soybean 
trypsin inhibitor. 
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PLATE II 


Fic. 4. Rabbit: 4.4kgm. Blood pressure changes in mm. Hg. Each of the following 
7 (1.0 ml.) was given through cannula in femoral vein. Incubations: two hours 
at 37. 

1. APU incubated with serum and bicarbonate, 75 ugm./kgm. 

2. Diluted serum and bicarbonate, incubated. 

3. APU solution incubated with bicarbonate and without serum, 75 ugm./kgm. 

Fic. 5. Rabbit: 3.8 kgm. Blood pressure changes in mm. Hg. The following 
injections were given through cannula in femoral vein. Incubations: 24 hr. at 37° C. 

1. Diluted serum and bicarbonate, incubated (0.85 ml.). 

2. APU solution incubated with serum and bicarbonate, 150 ugm./kgm. (1.70 ml.). 

3. o8s — incubated with bicarbonate and without serum, 75 yugm./kgm. 

0.85 ml.). 
4. Aqueous solution of APU which was not incubated, 75 ugm./kgm. (1.40 ml.). 


Moya et al.—Can. J. Biochem. Physiol. Vol. 34. 
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Action on Guinea Pig Ileum 


In an effort to determine whether APU contains histamine, we have tested 
the ability of the urinary extract to contract the guinea pig ileum. Fig. 2A 
shows that the addition of APU to a responsive ileum preparation did not 
induce contraction of the gut. 


The possibility that the hypotensive action of APU could be due to the 
presence of kallikrein was then considered. This substance, which is known 
to be present in urine, reduces the blood pressure through its vasodilating 
action when injected intravenously into experimental animals. It also acts 
enzymatically on a blood serum globulin to release a polypeptide, kallidin, 
which contracts the guinea pig ileum in vitro (22). Fig. 2A shows that 
neither serum nor APU per se affects the guinea pig ileum whereas, following 
a one-minute incubation, a mixture of both actively contracts the gut. 

An analysis of this im vitro property is seen in Fig. 2B. The contractile 
action of the mixture of APU and serum is obtained even after the addition 
of atropine and Phenergan in doses sufficiently high to block the effect of 
carbamylcholine chloride and histamine respectively. 


The results presented in Fig. 2 are compatible with the interpretation that 
the active principle in APU is kallikrein. However, it is known that urinary 
fibrinolysin in the presence of a blood serum globulin releases a smooth-muscle 
stimulant (2). The same author has shown that soybean trypsin inhibitor 
prevents this action, whereas Werle and Maier (23) have shown that this 
inhibitor does not affect the action of kallikrein. The experiment in Fig. 3 
distinguishes between kallikrein and fibrinolysin as the possible active principle 
in APU on the basis of their behavior in the presence of soybean trypsin 
inhibitor. The muscle was pretreated with trypsin? but complete desensitiza- 
tion was not achieved probably because an impure enzyme preparation was 
used. Nevertheless, in the presence of soybean trypsin inhibitor*® a mixture 
of serum and trypsin failed to induce muscular contraction, showing that the 
preparation of inhibitor was active. An equal dose of inhibitor did not 
prevent contractions produced by a mixture of APU and serum. These 
results suggest that the smooth muscle stimulant in APU is not fibrinolysin. 


Heat Lability 


Heat lability of the hypotensive agent in APU was studied by heating 
solutions of the extract (200 or 400 ugm./ml.) for one hour in a boiling water 
bath under air reflux condensers. Water and 0.02 M phosphate buffer were 
used as solvents; the pH of these solutions was 5.5 for the former and 7.5 for 
the latter. The hypotensive action of both heat-treated and untreated 
solutions was tested on rabbits. Although the responsiveness varied con- 
siderably from one animal to another, and also for the same rabbit on repeated 
injections, the preparations were invariably less active following heat treat- 

* Trypsin (1-300) obtained from Nutritional Biochemicals Corp., Cleveland, Ohio, 


%Soybean trypsin inhibitor (5X crystalline) obtained from Nutritional Biochemicals Corp., 
Cleveland, Ohio. 
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ment (Table I). Solutions in water were not completely inactivated by heat; 
the heat-treated preparation was essentially inactive in rabbit No. 2, but the 
response was low even to untreated APU. More extensive inactivation was 
found when solutions in phosphate buffer were heated. At a dose level of 
150 wgm./kgm. (Rabbits 5 and 6) the heated preparation was less active 
than the untreated solution at half this dose and it was totally inactive when 
75 ugm./kgm. was administered. 


TABLE I 


HEAT INACTIVATION OF THE HYPOTENSIVE FACTOR IN APU 








Blood pressure changes in mm. Hg Activity 
Dose, after heating, 
Rabbit No. ygm./kgm. APU-water Heated APU-water % 








80 20 10 50 
75 14 4 28 
39 25 64 
75 44 22 50 
36 11 30 

APU-buffer Heated APU-buffer 


75 24 0 
150 — 13 
75 25 

75 44 
150 


75 24 





Inactivation by Serum 

The existence of inactivators of kallikrein in blood serum (8, 21) led us to 
investigate the action of normal human serum on the hypotensive activity 
of APU. One milligram of APU dissolved in 1 ml. distilled water was mixed 
with 2 ml. serum and 0.1 ml. 4.2% sodium bicarbonate. Two control solutions 
were prepared by replacing, with water, the serum in one case and the APU 
solution in the other. The three mixtures were incubated at 37° C. for two 
hours. Fig. 4, injection 3, shows that the control APU solution incubated in 
the absence of serum elicited a marked hypotensive response, whereas the 
serum-incubated preparation (injection 2) was virtually inactive. The 
administration of similarly incubated serum had no effect on the blood pressure 
(injection 1). 

Since the hypotensive action could be inhibited by previous incubation 
with serum, it became of interest to establish whether this treatment also 
prevented the hyperglycemic response to APU. The following incubation 
mixture was prepared: 25 mgm. APU, 4 ml. serum, 2 ml. distilled water, and 
0.2 ml. 4.2% sodium bicarbonate. A control solution having the same APU 
and bicarbonate concentrations, but no serum, was also incubated. In 
addition, a third solution containing serum and bicarbonate in the same 
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concentrations but no APU was also tested. The three solutions were 
incubated at 37°C. for 24 hr. At the end of this time aliquots were diluted 
with saline and tested on the rabbit for hypotensive activity to determine 
whether complete inactivation had been achieved. These responses were 
compared to the hypotensive action of a freshly-prepared APU solution. 
The incubated solutions containing APU were injected into rabbits to 
determine their action on the blood sugar level. 

Fig. 5 presents the blood-pressure findings, from which it can be seen that 
even a relatively large amount of APU completely loses its hypotensive action 
following a sufficiently long period of incubation with serum. This tracing 
also shows that incubated serum per se has no effect on the blood pressure, 
while APU incubated in the absence of serum is as hypotensive as a freshly 
prepared solution. 

Fig. 6, Curve A, shows that at a level of 4 mgm./kgm., APU incubated 
with serum has no effect on the blood sugar concentration, whereas following 
a similar incubation in water, APU retains its hyperglycemic action (Curve B). 





BLOOD 


GLUCOSE 


CHANGE 
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Fic. 6. Blood glucose changes in the rabbit following intravenous injection of incubated 
APU (4 mgm./kgm.). Incubation 24 hr. at 37°C. Injections given at zero time. 

Curve A: APU incubated with serum and bicarbonate. 

Curve B: APU incubated with water and bicarbonate. 


Hyperglycemic Action of Kallikrein 

The results presented above are compatible with the interpretation that 
kallikrein is the hypotensive agent in APU. This evidence, together with the 
finding that adrenolytic drugs inhibit APU-induced hyperglycemia (15), 
suggested that kallikrein may be indirectly hyperglycemic. This conclusion 
was tested by determining the blood sugar level following the administration 
of a commercial preparation of kallikrein (Padutin‘) to rabbits, in the presence 
or absence of ergotamine. In each experiment one of two rabbits was given 
0.5 mgm. ergotamine/kgm. body weight subcutaneously and 30 min. later 
both animals received 10 units of Padutin/kgm. intravenously. Specimens 


‘Part of the Padutin used in these experiments was kindly supplied by Mr. R. V. Hulbert of 
Winthrop-Stearns of Canada, Lid., Windsor, Ontario. 
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Fic. 7. Changes in blood glucose concentration in the rabbit following the intravenous 
administration of Padutin in the presence or absence of ergotamine. Each curve represents 
the average change found in two animals. 


Curve A: Padutin (10 units/kgm.) injected at 0 time. 
Curve B: Ergotamine (0.5 mgm./kgm.) injected subcutaneously at —30 min.; 
Padutin (10 units/kgm.) injected at 0 time. 


for blood glucose determinations were taken at the times indicated in Fig. 7. 
A week later the same experiment was repeated, reversing the treatment given 
to each animal. Curve A demonstrates that, in the rabbit, Padutin is hyper- 
glycemic; this response can be prevented by the previous administration of 
ergotamine, as illustrated by Curve B. 


Discussion 


In 1909 Abelous and Bardier (1) reported, in a very comprehensive paper, 
the presence in normal human urine of a hypotensive agent which they called 
urohypotensin. Later work by Frey, Kraut, and Werle (5) indicates that 
kallikrein and urohypotensin are probably the same factor. 

Several substances of animal origin have been shown to be hypotensive 
and to have smooth-muscle stimulating activity. Some of these agents, such 
as histamine, acetylcholine, substance P (17), vesiglandin (4), substance U 
(3), bradikynin (18), and kallidin (22) are easily distinguished from the active 
principle(s) in APU since they are dialyzable. In addition these agents have 
a direct action on the guinea pig gut whereas APU, like kallikrein, requires 
preincubation with a serum protein fraction. 

Fibrinolysin, which is non-dialyzable and induces contraction of the guinea 
pig gut following incubation with serum (2), is inhibited by soybean trypsin 
inhibitor. Experiments presented above show that this inhibitor does not 
prevent the action of the smooth-muscle stimulant in APU, thus ruling out 
fibrinolysin as the active principle of this extract. 

Depressan, a urinary hypotensive agent described by Wollheim (25), has 
been differentiated from kallikrein mainly on the basis of its heat stability. 
This seems to be an unsatisfactory criterion since Kraut and his co-workers 
(10) have shown that heat stability varies inversely with the degree of purity 
of the preparation, and that solutions of crude urinary kallikrein could be 
boiled for 30 min. and yet retain much of the original potency. 
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The active principle in APU shares the following properties with kallikrein 
(5): (@) non-dialyzable; (b) hypotensive activity which is not inhibited by 
atropine or antihistamine compounds (greater sensitivity of the dog than the 
cat); (c) no direct action on the guinea pig gut; (d) when incubated with 
serum there is formed a smooth-muscle stimulant whose action is not inhibited 
by atropine or antihistamine compounds; (e) inactivation following prolonged 
incubation with serum; (f) in the rabbit, hyperglycemic response which can 
be inhibited by adrenolytic agents; (g) heat lability particularly in alkaline 
media. Concerning this last property it should be pointed out that APU 
solutions were not completely inactivated by heat (Table 1). However, the 
comments made above in discussing depressan are also valid in this instance. 

From the method followed to prepare APU it is apparent that the 
hypotensive agent it contains is insoluble in 66% ethanol and also non- 
dialyzable. Kallikrein has been shown to be insoluble in 50% ethanol (5) and 
to be non-dialyzable (9). 


The rather confusing early literature on the action of kallikrein on blood 
glucose concentration has been reviewed by Frey, Kraut, and Werle (5). The 
general conclusion reached by these authors is that in low doses kallikrein 
sometimes is hypoglycemic, but that this response is not consistent. In the 
well-controlled experiments of Westerfeld, Weisiger, Ferris, and Hastings (24), 
urinary kallikrein was found to be strongly hyperglycemic when lethal doses 
were administered intravenously to the dog. Our experiments on the rabbit 
confirm this finding using moderate doses administered by the same route. 

From the results presented above it is concluded that the hyperglycemic 
action of APU is a secondary response to its hypotensive effect, which is 
probably due to the presence of kallikrein. 


A number of authors have reported hyperglycemic activity of urinary 
extracts prepared by a variety of methods. Such extracts have been prepared 
with the aid: of kaolin by Houssay, Biasotti, and Rietti (7), Werch and 
Altshuler (20), Meduna and Vaichulis (12), and Walker and Mayer-Gross (19); 
by absorption on benzoic acid by Harrow, Mazur, Chamelin, and Lesuk (6) 
and Mather, Katzman, and Doisy (11); the latter authors also prepared 
active extracts with tungstic acid and brucine. On the other hand Kraut, 
Frey, Bauer, and Schultz (9) have prepared crude kallikrein by treating urine 
with kaolin, benzoic acid, or tungstic acid. This suggests that the hyper- 
glycemic activity of the urinary extracts mentioned above may be due, at 
least in part, to the presence of kallikrein. 
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STUDIES ON THE EFFECTS OF PHAGOCYTIC STIMULATION 
ON MICROBIAL DISEASE 


Vv. STIMULATION OF PHAGOCYTIC ACTIVITY OF MONOCYTES AGAINST 
TUBERCLE BACILLI, STRAIN BCG! 


By BELA Gézsy AND LAszL_6 KAT6 


Abstract 


Monocytes were obtained by the washing of the peritoneal cavity of guinea 
pigs with Hanks’ solution six days after intraperitoneal administration of a 
saline solution containing glycogen. Phagocytosis of tubercle bacilli (BCG 
strain) was studied after a one hour incubation at 37° C. under the influence of 
histamine and 1,4-dimethyl-7-isopropyl-bicyclo-decapentane, which latter 
substance had shown a beneficial influence on the outcome of experimental 
tuberculosis. Histamine increased the phagocytic activity of monocytes, 
within the limits of 1 ugm. to 10 ugm per ml. This stimulation was inhibited 
in vitro by a synthetic antihistaminic substance. Fifty and 100 wgm. per ml. 
histamine decreased the phagocytosis of tubercle bacilli (BCG) by the mono- 
cytes. Monocytes withdrawn from histamine treated guinea pigs showed no 
stimulated activity. From 0.5 to 100 ugm. per ml. of 1,4-dimethyl-7-isopropyl 
bicyclo-decapentane stimulated the phagocytic activity of monocytes against 
tubercle bacilli (BCG) in vitro and monocytes withdrawn from animals treated 
with the same substance showed equally a stimulated activity. This increased 
phagocytosis was equally inhibited in vitro by the antihistamine, but to a lesser 
degree than the inhibition of the histamine stimulated phagocytosis. The 
above observations suggest that the stimulating action df the 1,4-dimethyl- 
7-isopropyl-bicyclo-decapentane is a direct action on the monocytes rather than 
an indirect one caused by activation of latent histamine. Experiments also 
show the possibility of stimulation of the cellular defense mechanism, by 
appropriate treatment. 


Introduction 


We have reported (7, 9) that 1,4-dimethyl-7-isopropyl-bicyclo-decapentane 
(BD.I) influenced beneficially the outcome of experimental tuberculosis in 
guinea pigs. BD.I in 100ugm. per ml. concentration had no bacteriostatic 
action on tubercle bacilli im vitro and no effect on the metabolism of tubercle 
bacilli, if studied in the Warburg apparatus. Experiments showed that BD.I 
acts on the host. The substance induced phagocytic activity of endothelial 
cells of skin capillaries, without causing any visible signs of inflammation and 
without irritating the end apparatus of the sensory nerves. In our experi- 
ments, the intramuscular administration of BD.I to rats, guinea pigs, and 
rabbits did not cause any inflammatory reaction: though a chemically related 
compound chamazulene has been observed (3) to produce inflammation of the 
mucous membrane when used in the same concentration. 

The administration of histamine, and histamine liberators on the skin, 
similarly induced endothelial phagocytosis (6, 8) and a systemic reaction of 
the reticulo-endothelial system (RES) (8, 10), increasing the speed of ingestion 
of intravenously injected particles by the phagocytic system. The im vitro 

‘Manuscript received in original form September 9, 1955, and as revised, January 19, 1956. 
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studies of Ludany and Vajda (11) also showed that histamine increased the 
phagocytic activity of leucocytes. However, to produce this effect, larger 
amounts of histamine than are normally present as free histamine in the 
blood were necessary. 


The beneficial effect of BD.I in experimental tuberculosis suggested further 
studies on the mechanism of action of this compound. Since BD.I, as well 
as histamine, induced endothelial phagocytosis (6), increased the speed of 
phagocytic activity of the RES (10) against intravenously injected particles, 
and since both phenomena were inhibited by synthetic antihistaminic 
substances, it was supposed that the liberation of histamine might be involved 
in the mechanism of action of BD.I, and the therapeutical effects to be due 
to an indirect stimulation of the cellular defense forces. However, we felt 
that these properties of BD.I did not provide a satisfactory explanation of its 
action in experimental tuberculosis. The analysis of the factors participating 
in the defense mechanism in tuberculosis and influencing the outcome of the 
disease brought us nearer to the understanding of the problem. There are 
few other acute or chronic infectious processes in which the cellular defense 
plays so important a role in the host—parasite struggle as in tuberculosis, 
mainly because the weight of the defense is supported by the monocytes, the 
characteristic representatives of the RES. According to Rich (15): 
“Imperfect as these cells are as a defense against the tubercle bacillus in the 
susceptible body, they do provide a definite measure of protection after 
acquired resistance has developed; and, as far as is known at present, the 
only protection that the body possesses against the multiplication of tubercle 
bacilli.”’ It therefore seemed logical to approach the activity of BD.I in 
tuberculosis through investigations of its action on monocytes derived from 
normal guinea pigs. 


Materials and Methods 


Monocytes were obtained, from the peritoneal cavity of guinea pigs, as 
described by Suter (17). Ten milliliters of saline solution, containing 0.1 
mgm. glycogen, was injected intraperitoneally for the animals. Six days later 
the animals were killed by bleeding from the heart, and the peritoneal cavity 
was washed out with 25 ml. of Hanks’ solution containing heparin (1 : 40,000). 
The suspension so obtained contained 1500-2000 monocytes per ml. and only 
a few red blood cells or other cellular elements. From this suspension, a 
liquid, free of monocytes, was obtained by centrifugation and a heat stable 
solution was obtained by boiling and filtering the cell-free liquid. Fresh 
guinea pig serum was used as opsonin from which 2.5 ml. was added to 100 ml. 
of monocyte suspension. 

The BCG suspension was obtained from a 14-day-old Dubos culture, con- 
taining Tween 80 and bovine albumin. The culture was washed twice with 
Hanks’ solution, and 2 ml. of a 1 : 10 dilution was added to each 20 ml. of 
monocyte suspension containing opsonin. 
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BD.I was dissolved in opsonin free horse serum. Histamine bichlorhydrate 
and the synthetic antihistaminic (mepyramine maleate) was dissolved in the 
Hanks’ solution. The experiment was performed technically, as advised by 
Suter (17). Incubation was made at 37° C. for one hour. Monocytes were 
fixed on the cover glasses with methanol for five minutes and colored by 
Aubert’s cold staining method (1). Readings were made for 100 monocytes 
on each slide and the percentage of macrophages phagocytizing 0, 1-2, 3-5, 
6-10, and more than 10 bacilli was registered. 


Experimental Results 


1. The Action of Peritoneal Fluid Withdrawn From Guinea Pigs Six Days After 
Intraperitoneal Injection of Glycogen Solution on Capillary Permeability and 
Capillary Phagocytosis 

Cell-free inflammatory exudates, obtained following the administration of 
croton oil or turpentine oil, induce edema, fever, necrosis, and, according to 
Menkin (13, 14), transitory leucopenia, if injected into the animal organism. 
The intradermal administration of the same exudate induced an increased 
capillary permeability as judged by Menkin’s trypan blue test. Taking into 
consideration the purpose of this study, we determined in a preliminary 
experiment whether the cell-free peritoneal exudate and the heated exudate 
could induce an increased capillary permeability or endothelial phagocytosis. 

For this purpose albino rats, each weighing 120-140 gm., were depilated at 
the abdominal site and 0.1 ml. cell-free exudate was injected intradermally for 
10 rats. Immediately thereafter five rats received 1.2 ml. of a 20% Pelikan 
India ink suspension containing 1% gelatin and five rats were injected intra- 
venously with 0.7 ml. of a 1% trypan blue solution. The animals were killed 
two hours after the injection for the India ink test and 10 min. after the trypan 
blue test. The abdominal skin was removed and examined on the inside for 
the reactions. Degrees of reaction (—, +, ++, +++, ++++) were 
compared with the reactions induced by the intradermal injection of 5 ugm. 
histamine bichlorhydrate. 

Intradermal administration of the cell free exudate from the peritoneal 
cavity of glycogen treated animals did not induce increased capillary 
permeability or endothelial phagocytosis, nor did the Hanks’ solution itself, 
as compared with a reaction of +++-+ obtained in both phenomena due 
to intradermal administration of 5 wgm. histamine. 


2. In vitro Experiments 


The phagocytic mixture was previously prepared in a 20 ml. test tube. 
Histamine, antihistamine, and BD.I were dissolved so that 0.25 ml. contained 
the appropriate amounts for the phagocytic mixture of 2.5 ml. The mixture 
contained 0.25 ml. solution of the substances to be tested, and 2.00 ml. of the 
monocyte suspension, containing 2.5% fresh guinea pig serum. After a gentle 
shaking, 0.25 ml. of a 1 : 10 dilution of a washed 14 day BCG Dubos culture 
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was added to each test tube. A gentle shaking was carried out and the 
contents of the tubes were poured over the previously prepared cover glasses 
after the method described by Suter (17). 

It was necessary at first to get information about the influence of some 
components of the Hanks’ solution especially glucose and heparin on the 
phagocytic activity of monocytes. Table I shows that the amount of glucose 
present in the Hanks’ solution did not influence the phagocytic activity of the 
monocytes and did not influence the action of histamine and the antihistamine 
on the phagocytosis. We also found that 10 and 100 ugm./ml. heparin 
slightly increased the phagocytosis. Since 5 ygm. heparin had no effect on 
phagocytosis, this amount was added to the Hanks’ solution in the further 
experiments. 


TABLE I 
PERCENTAGE OF MACROPHAGES INGESTING 0, 1-2, 3-5, 6-10, AND MORE THAN 10 TUBERCLE 


BACILLI, STRAIN BCG, AFTER ONE HOUR INCUBATION, WITH AND WITHOUT GLUCOSE IN THE 
HANKS’ SOLUTION, AS INFLUENCED BY HISTAMINE AND ANTIHISTAMINE (MEPYRAMINE MALEATE) 








Number of bacilli per monocyte 


1-2 3-5 6-10 10 








% macrophages 





Hanks’ solution without glucose 40 25 
Hanks’ solution with glucose, 1000 ugm./ml. 42 22 


Hanks’ solution with 
Histamine, 1 ygm./ml. 37 
Glucose, 1000 ygm./ml. 


Hanks’ solution with 
Antihistamine, 1 ugm./ml. 
Glucose, 1000 ugm./ml. 





It was also necessary to investigate whether monocytes deriving from 
different, normal guinea pigs reacted uniformly and whether the results of 
readings on 100 monocytes produced a satisfactory statistical average. Table 
II shows that uniform results were registered if the monocytes were obtained 
from one animal at the sixth day after glycogen administration. 

When histamine or BD.I was added to a suspension of monocytes from a 
normal guinea pig, both substances in a concentration of 0.5 to 10.0 ugm./ml., 
there was increased phagocytic activity against BCG as seen in Table III. 
If the concentration of histamine was increased the phagocytic activity was 
progressively lowered. As Table IV shows 50 and 100 ygm./ml. histamine 
decreased considerably the number of BCG ingested by the monocytes. 
However if the amount of BD.I was increased up to 100 ugm./ml., the 


phagocytosis becomes no more intense than that resulting from 10 ugm./ml. 
BD.I. 
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TABLE II 


PHAGOCYTIC ACTIVITY OF MONOCYTES FROM THREE DIFFERENT ANIMALS; a, 6, AN 
REPRESENT THREE DIFFERENT READINGS OF SAME SAMPLE 








Number of bacilli per monocyte 





Guinea pigs © macrophages 
p 





24 37 11 
25 29 : 12 
25 35 

22 27 : 1 
26 24 

25 30 

18 31 

17 38 

19 35 


ave naowen nwen 

— 
DOK NWw KY we 
| 





TABLE III 


INFLUENCE OF HISTAMINE AND BD.I On in vitro PHAGOCYTOSIS OF BCG 








Number of bacilli per monocyte 





1-2 3-5 6-10 10 





% macrophages 





Controls 43 27 5 
31 12 
18 


15 
15 


Histamine, ugm./ml. 


oon 


BD.I, wgm./ml. 


oon 


Seocoo SHeooo 
— 


— 
CoornN WHNeEN Ne 


— 





TABLE IV 


INFLUENCE OF HIGH AMOUNTS OF HISTAMINE AND BD.I ON in vitro PHAGOCYTOSIS 








Number of bacilli per monocyte 





1-2 3-5 6-10 





% macrophages 





Control 26 
Histamine, ugm./ml. = 
. 8 
BD.I, m./ml. 37 

ug 34 
37 
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3. In vivo Experiments 


Animals were pretreated with histamine or BD.I. Since histamine rapidly 
disappears when injected into an animal organism, glycogenized guinea pigs 
were treated twice daily for three consecutive days, before the withdrawing 
of the peritoneal exudate. The last administration of histamine was carried 
out 30 min. before the animal was sacrificed. BD.I was injected intra- 
muscularly the same day, simultaneously with the intraperitoneal injection 
of the glycogen solution. The animals received 10 mgm. BD.I in 0.5 ml. of 
olive oil. Control animals received 0.5 ml. olive oil intramuscularly. 

Monocytes from histamine treated animals did not show any increased 
phagocytic activity, but monocytes deriving from BD.I treated guinea pigs 
increased significantly the phagocytosis of BCG as seen in Table V. The 
same experiment was repeated with monocytes deriving from guinea pigs 
treated once weekly for 10 weeks with 10 mgm. BD.I. Control animals 
received olive oil. Table VI illustrates the phagocytic activity of monocytes 
from control animals. It seems as if monocytes from the BD.I treated 


TABLE V 


PHAGOCYTIC ACTIVITY OF MONOCYTES FROM CONTROL, HISTAMINE TREATED, AND 
BD.I TREATED GUINEA PIGS 








Number of bacilli per monocyte 


1-2 3-5 6-10 


Origin of macrophages % macrophages 











Control guinea pigs 24 41 18 10 
23 45 20 10 
Histamine treated guinea pig 24 41 22 8 


BD.I treated guinea pig 13 31 26 15 





TABLE VI 


PHAGOCYTIC ACTIVITY OF MONOCYTES FROM NORMAL AND 1,4-DIMETHYL- 
7-ISOPROPYLAZULENE (BD.I) TREATED GUINEA PIG 








Number of bacilli per monocyte 


1-2 3-5 6-10 
Substances added % macrophages 











Macrophages from BD.I treated guinea pig 
None 
BD.I, ugm./ml. 1 
10 
100 
Histamine, ugm./ml. 
i 


39 35 
28 31 
15 29 
31 33 
21 35 
27 21 
30 23 


38 10 


100 
Macrophages from control guinea pig 


sb CsI > 


NS 
Ne 
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animals had achieved their maximal phagocytic capacity, which could not be 
further increased by adding histamine or BD.I to the phagocytic mixture. 

In the next series of experiments the opsonic effect of fresh guinea pig serum 
obtained from BD.I treated and normal animals was investigated. The 
animals received 10 mgm. BD.]I in olive oil and the control animal received 
the solvent. The same day glycogen was administered for both groups 
intraperitoneally. Monocytes were gathered six days later. Instead of using 
normal fresh guinea pig serum as opsonin, the serum of a BD.I treated animal 
was added in a concentration of 2.5% to the phagocytic mixture. The 
results are presented in Table VII. The phagocytic activity was stimulated 
by the BD.I animal’s opsonin and this stimulated phagocytosis could be 
further increased by adding 1 and 10 ugm./ml. histamine to the mixture. As 
before, 100 ugm./ml. histamine decreased the phagocytosis. 


TABLE VII 


INFLUENCE OF OPSONIN FROM NORMAL AND BD.I TREATED GUINEA PIG ON THE 
PHAGOCYTIC ACTIVITY OF MONOCYTES FROM NORMAL GUINEA PIG 








Number of bacilli per monocyte 


1-2 3-5 6-10 
Histamine 
Origin of opsonin (ugm./ml.) added % macrophages 











BD.I treated guinea pig — 17 9 12 


1 10 14 30 
10 6 19 36 
100 44 20 28 


Normal guinea pig _— 26 19 38 





Discussion 


Peritoneal fluid, withdrawn from guinea pigs six days after intraperitoneal 
injection of glycogen solution, did not induce the phagocytic activity of the 
capillary endothelium or increased capillary permeability in the skin of rats. 
This shows that leucotaxin, necrosin, pyrexin, leucopenic factor, or histamine 
are not present in detectable amounts in the fluid, and, therefore, that these 
are not contributory to the experiments described. 


The experiments showed that phagocytosis of tubercle bacilli (BCG) by 
monocytes was increased by histamine in concentrations of 10-* to 10- 
gm./ml. in vitro, but 10-* gm./ml. histamine decreased phagocytosis. The 
optimal stimulating amount was 10-5 gm./ml. These observations support 
Jancso’s theory that histamine is a physiological activator of phagocytosis. 
The results are also in accordance with the observations of Matoltsy et al. (12) 
_who found that amounts of histamine, applied on the animal skin, which did 
not cause hyperemia induced a transitory acquired phagocytic activity of the 
reticulo-endothelial cells for a period of 15 min. If the same amount of 
histamine was rubbed into the skin again 30 min. thereafter the same effect 
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was induced again for the same period of time. The provoked phagocytic 
activity was a reversible, and as such a physiological, not a toxic, process as 
shown also in our experiments (6, 10). The phagocytic activity of monocytes 
stimulated by small amounts of histamine indicates the physiological and not 
the toxic character of this phenomenon induced by the histamine. 


It was observed that BD.I increased the phagocytic activity of monocytes 
in vivo and im vitro. If the stimulating action of BD.I on the phagocytic 
activity of the RES (10) was due to a mechanism of histamine liberation, 
BD.I could not have a direct stimulating action on the phagocytosis of the 
monocytes. The fact that larger amounts of histamine decrease the phago- 
cytic activity, whereas larger amounts of BD.I increase the same activity, 
suggets that in the mechanism of action of BD.I the liberation of histamine is 
either not involved, or that it is not the sole means of phagocytic stimulation 
by BD.I. 

The experiments of Barton and Wendler (2) showed that naturally occurring 
and synthetic derivatives of bicyclo-decapentane (the azulenes) increase, 
in vitro, the phagocytic activity of the RES. These authors found that 
natural chamazulene, (1,3-dimethyl-7-ethylazulene) and the A18 (1-isopropyl- 
5-methylazulene) increased phagocytosis of starch particles by specific cells 
in the human blood. They also observed that amounts larger than 10+ 
gm./ml. diminished phagocytosis. A similar inhibiting action of larger 
amounts of BD.I was not observed in our experiments; this difference could 
be due to the different experimental conditions. Barton and Wendler used 
the whole blood and so mainly neutrophiles, whereas we used monocytes 
from the peritoneal cavity. It is known from Code (5, pp. 292 and 299) that 
histamine, after the gentle shaking of a blood sample, becomes biologically 
active and migrates into the serum from the blood cells. Since Barton and 
Wendler shook the blood with the azulenes for 30 min. before the phagocytic 
experiment was begun, histamine and perhaps other substances were liberated, 
which interfered with the stimulating action of the azulenes. According to 
Code (5, p. 292) monocytes do not contain histamine and as seen in our 
experiments, cell-free peritoneal fluid alone does not stimulate phagocytosis. 

The experiments also showed that even if phagocytic activity was stimulated 
to a maximum, there remained 3—4 % of macrophages that did not ingest 
tubercle bacilli. An average of 5 % of monocytes were found as dead cells 
when counted with the method of Rous and Jones (16). 

The blood serum of BD.I treated guinea pigs increased the phagocytic 
activity of normal monocytes more intensely than did 10 ygm./ml. histamine 
or 10 wgm./ml. BD.I. This stimulation of phagocytosis by serum was 
inhibited to a lesser extent by the antihistamine than was the stimulation by 
histamine or BD.I as will be described later. The phagocytic mixture con- 
tained somewhat less than 1 ygm./ml. BD.I as calculated from the data that 
a 500 gm. guinea pig received 10 mgm. BD.I and that guinea pigs of this 
size have about 40 ml. blood. Since monocytes of the BD.I treated guinea 
pigs had a more intense phagocytic activity than in the in vitro experiment 
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where 10 ywgm./ml. BD.I was used, it is supposed that BD.I is either 
accumulated in the monocytes or that BD.I undergoes a chemical alteration 
and is transformed or bound into a more active compound. Taking into 
consideration the experiments of Chopart (4), such an alteration in the 
chemical structure of BD.I is possible. 

These experiments brought us nearer to an understanding of the mechanism 
of action of BD.I in experimental tuberculosis. This derivative of bicyclo- 
decapentane is known (3) for its antiphlogistic action if used in higher dilutions 
(1: 10,000). In the described experimental conditions, BD.I stimulated the 
phagocytic activity of monocytes, which are the only representatives of the 
cellular defense mechanism against bacterial invaders in tuberculosis. The 
observations show also that intramuscular administration of BD.I in amounts 


considerably higher than the antiphlogistic doses stimulated the cellular 
defense forces. 
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STUDIES ON THE EFFECTS OF PHAGOCYTIC STIMULATION 
ON MICROBIAL DISEASE 


VI. SOME FACTORS DECREASING PHAGOCYTIC ACTIVITY OF 
MONOCYTES AGAINST TUBERCLE BACILLI, STRAIN BCG! 


By LAsz_t6 KAT6 AND BELA G6zsy 


Abstract 


An antihistamine if present in a concentration of 0.1 to 100 wgm. per ml. 
decreased considerably the in vitro phagocytic activity of normal monocytes. 
The stimulated phagocytic activity of monocytes by histamine or 1,4-dimethyl- 
7-isopropyl-bicyclo-decapentane was antagonized by the antihistamines. 
Monocytes withdrawn from antihistamine treated animals showed a markedly 
lesser phagocytic activity than monocytes from untreated animals. The results 
are discussed from the point of view of the mechanism of action of 1,4-dimethyl- 
7-isopropyl-bicyclo-decapentane in experimental tuberculosis. 


Introduction 


Biozzi et al. (2) reported that intradermal injection of rats with histamine 
increased permeability of capillaries in the skin, as was observed when the 
trypan blue test was used. The simultaneous administration of a synthetic 
antihistaminic substance inhibited this action of histamine. Jancso (8) noted 
that the endothelial phagocytosis of skin capillaries, induced by histamine, 
was inhibited by an antihistaminic substance and that the phagocytic activity 
of Kupffer cells of the surviving liver was completely paralyzed if antihistamine 
was added to the liquid of perfusion. He also observed that the subcutaneous 
administration of an antihistamine slowed down the speed of ingestion of 
intravenously injected India ink by the reticulo-endothelial system (RES). 
The experiments of Ludany and Vajda (10) showed that a synthetic anti- 
histamine decreased the phagocytic activity of mobile cells of the RES. 
These experiments brought forward evidence that antihistaminics diminish 
the activity of the RES by: 

(1) Decreasing the permeability of the vascular endothelium. 

(2) Inhibiting the activation of the latent histamine in the tissues. 

(3) Inhibiting the phagocytic activity of the Kupffer cells. 

(4) Decreasing phagocytic activity of the RES against intravenously 

injected particles. 

(5) Inhibiting phagocytic activity of the mobile cells of the RES. 

We have reported (4) that histamine and 1,4-dimethyl-7-isopropy!-bicyclo- 
decapentane (BD.1) stimulated the phagocytosis of tubercle bacilli (BCG 
strain) by monocytes. The study of the action of antihistamine on the same 
phenomenon and on the phagocytic stimulation by histamine and BD.I is 
the purpose of these experiments. 

1 Manuscript received in original form September 9, 1955, and as revised, January 19, 1956. 

Contribution from the Institute of Microbiology and Hygiene of the University of Montreal, 
Montreal, Canada. This work was partially aided by grants from the Ministry of Health of the 


Province of Quebec (Federal—Provincial Health Research Grants) and from ‘‘Les Fondations 
Joseph Rhéaume’’. 
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Materials and Methods 


Monocytes were obtained as described by Suter (13) and were treated as 
previously reported (4). Normal guinea pigs were injected intraperitoneally 
with 10 ml. saline solution containing 0.1 mgm. glycogen. Six days later 
animals were killed by bleeding from the heart, and the peritoneal cavity was 
washed out twice with 25 ml. Hanks’ solution containing (1 : 40,000) 
heparin. Fresh normal guinea pigs’ serum (2.5%) was added to the suspension. 
Monocyte suspension was worked up within one hour. Histamine dihydro- 
chloride and the antihistamine (mepyramine maleate) was dissolved in the 
Hanks’ solution and the BD.I in opsonin-free horse serum, so that 0.25 ml. 
contained the appropriate amount for each test of 2.5 ml. phagocytic mixture. 
Fourteen-day-old cultures of tubercle bacilli, strain BCG, were used through- 
out the experiments, grown in Dubos’ Tween-albumin liquid medium. A 
0.25 ml. amount of a 1 : 10 dilution of this culture was washed twice in Hanks’ 
solution and was added to the phagocytic mixture (2 ml. monocyte suspension, 
0.25 ml. solution of the tested substance, 0.25 ml. BCG suspension), which after 
a gentle shaking, was poured on an 18 X 18 mm. cover glass after the method 
of Suter (13). After one hour’s incubation at 37° C., slides were washed once 
with the Hanks’ solution, fixed for five minutes with methyl alcohol, washed 
again with Hanks’ solution, and colored with Aubert’s (1) cold stain method. 
A hundred monocytes were examined and the percentage showing 0, 1-2, 
3-5, 6-10, and more than 10 ingested tubercle bacilli was registered. 


Experimental Results 


1. In vitro Action of the Antihistamine on the Phagocytosis of BCG by Monocytes 

As previously reported (4) 10 ugm. per ml. histamine or BD.I increased 
phagocytic activity of monocytes from normal guinea pigs in the above 
experimental conditions. A series of phagocytic mixtures containing 10 ugm. 
per ml. histamine was prepared, to which increasing amounts of antihistamine 
from 0.05 to 10 gm. per ml. were added. Similarly, another series was 
prepared containing 10 ugm. per ml. of BD.I and increasing amounts of 
antihistaminic substance. The phagocytic activity of monocytes from the 
two series was counted and compared with the action of histamine, anti- 
histamine, or BD.I on the phagocytosis of BCG by the monocytes. In the 
control test, 0.25 ml. of Hanks’ solution was added. Table I shows that 0.05 
ugm. per ml. antihistamine diminished the phagocytosis when compared with 
the control. This inhibiting action increased as the amounts of antihistamine 
were increased and reached a peak in the presence of 1 ywgm. per ml. anti- 
histamine. Further increase in the antihistamine concentration could not 
achieve a complete inhibition of phagocytosis. Since 10 ugm. per ml. BD.I 
induced phagocytic activity of 96% of the monocytes, approximately 4% of 
the monocytes might be considered as dead. It seems that 6 to 10% of the 
monocytes resist the inhibiting action of the antihistamine. 
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TABLE I 


PHAGOCYTOSIS OF BCG AS INFLUENCED BY DIFFERENT AMOUNTS OF HISTAMINE, 1,4-DIMETHYL- 
7-ISOPROPYL-BICYCLO-DECAPENTANE (BD.I), AND ANTIHISTAMINIC SUBSTANCE 








Number of bacilli per monocyte 
0 1-2 3-5 6-10 10 


% macrophages 











Control 25 30 31 12 2 
Antihistamine, ugm./ml. 

0.05 48 34 15 2 1 

0.10 48 29 14 6 3 

0.50 55 25 16 4 1 

1.00 88 5 4 3 0 

10.00 86 10 2 1 1 

Histamine, pgm./mi. 10.00 13 24 33 17 13 
Histamine, 10 ygm./ml. 

0. 11 23 33 27 6 

0.10 14 26 30 23 7 

Antihistamine, 0.50 14 22 35 26 3 

pgm./ml. 1.00 15 15 31 27 12 

10.00 90 7 3 0 0 

BD.I, ugm./ml. 10.00 6 16 30 40 8 

BD.I, 10 ygm./ml. 

0.05 8 17 30 27 18 

0.10 9 17 32 30 12 

Antihistamine, 0.50 14 18 23 26 9 

pzgm./ml, | 1.00 19 13 20 38 10 

10.00 84 8 6 2 0 





If increased amounts of the antihistamine were added to 10 ugm. per ml. of 
histamine or to 10 ugm. per ml. of BD.I, the same amount of antihistamine 
was necessary to antagonize the stimulating action induced by both substances, 
histamine and BD.I. 


2. In vivo Action of the Antihistamine on the Phagocytosis of BCG by the 

Monocytes 

Glycogenized guinea pigs received subcutaneously on the fourth and fifth 
day, twice daily, 8 mgm. of mepyramine maleate in 0.5 ml. saline solution. 
The last injection was administered 30 min. before the animal was sacrificed. 
Control animals were treated with the saline. Monocytes were withdrawn 
from the peritoneal cavity as before. Ingestion of tubercle bacilli (strain 
BCG) by the monocytes withdrawn from the antihistamine treated guinea 
pigs was compared with the effect of monocytes from the control animal. 
The results are illustrated in Table II. Monocytes from the antihistamine 
treated animals showed a markedly lesser phagocytic activity than monocytes 
from the control animals. 




















KATO AND GOZSY: PHAGOCYTIC STIMULATION. VI 583 


TABLE II 


PHaGocyTosis oF BCG BY MONOCYTES FROM NORMAL AND ANTIHISTAMINE 
(MEPYRAMINE MALEATE) TREATED GUINEA PIGS 








Origin of macrophages 


Number of bacilli per monocyte 


0 1-2 3-5 





6-10 10 





Y macrophages 








Normal guinea pig 19 40 30 8 3 
Antihistamine treated guinea pigs a 68 29 3 0 0 
b 70 25 4 1 0 

TABLE III 


PHaGocyTosis OF BCG By MONOCYTES FROM BD.I TREATED GUINEA PIG AS 


INFLUENCED 8Y DIFFERENT AMOUNTS OF MEPYRAMINE MALEATE 








Mepyramine maleate, ugm./ml. 


Number of bacilli per monocyte 
6-10 10 





0 1-2 3-5 





% macrophages 





B8S-00; 
S8sss 


4 9 39 23 25 
5 9 38 27 21 
6 10 34 29 21 
20 16 22 21 21 
51 30 22 6 i 
77 9 7 7 0 





TABLE. IV 


PHAGOCYTOSIS OF BCG BY MONOCYTES FROM GUINEA PIGS AS INFLUENCED BY THE SERA 
FROM NORMAL AND BD.I TREATED GUINEA PIGS AND MEPYRAMINE MALEATE 








Number of bacilli per monocyte 











Mepyramine 0 1-2 3-5 6-10 10 
Origin of Origin of added, — 
opsonin macrophages mgm./ml. % macrophages 
BD.I treated Normal 
guinea pigs guinea pigs — 17 9 12 32 30 
BD.I treated Normal . 4 . . 4 1 
guinea pigs uinea pigs 10. _— — 
. . . 100.00 88 5 5 2 1 
Normal Normal 
* guinea pigs guinea pigs _ 22 27 38 10 3 
Normal Normal 
guinea pigs guinea pigs 1.00 88 5 4 3 — 
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The phagocytic activity of monocytes from guinea pigs treated during 10 
consecutive weeks with BD.I (10 mgm. once weekly) was considerably 
increased (4). If increasing amounts of antihistamine were added to the 
monocyte suspension withdrawn from these animals, 100 ugm. per ml. anti- 
histamine was necessary to diminish the stimulated phagocytosis. Observa- 
tions are registered in Table III. 

In previous experiments (4) it was observed that the serum of BD.I treated 
guinea pigs stimulated the normal monocytes to an increased phagocytic 
activity, compared with the same action of serum derived from untreated 
animals. Table IV shows that 1, 10, or 100 ywgm. per ml. antihistamine 
inhibited phagocytic stimulation by the serum of BD.I treated guinea pigs of 
the monocytes from normal animals. 


Discussion 


Antihistamine (0.1 ugm. per ml.) decreased, in vitro, the phagocytosis of 
tubercle bacilli (BCG) by the monocytes. As amounts of the antihistaminic 
substance were increased, up to 85-90% of the monocytes suspended phago- 
cytic activity. No experimental evidence was obtained in the present investi- 
gation regarding the question of whether the 7m vitro action of the antihistamine 
on the monocytes was an irreversible one. If antihistamine and histamine were 
added simultaneously to the suspension of monocytes, a normal phagocytic 
function was observed. The inhibiting action of the antihistamine was 
equally antagonized if BD.I was added to the monocyte suspension. If the 
proportion of antihistamine was 10% higher than the concentration of BD.I, 
this latter had no stimulating action on the phagocytosis. If higher amounts 
of antihistamine were present with BD.I in the phagocytic mixture, the 
antihistamine suppressed the stimulating action of BD.I but to a lesser extent 
than occurred with a stimulation, caused by histamine. This quantitative 
relation suggests that BD.I itself is able to increase directly the phagocytic 
function of the macrophages. 


In vivo experiments showed that intramuscular administration of BD.I 
increased the phagocytic activity of monocytes. The phagocytic activity 
stimulated by the intramuscular administration of BD.I was less effectively 
inhibited by the antihistamine than was the similar stimulation caused by 
histamine. These observations are comparable with those of Ludany and 
Vajda (10), who found that the phagocytic activity of leucocytes im vitro was 
inhibited to a lesser extent by antihistaminic substance than was the 
phagocytic activity when stimulated by the histamine. 

It is known that antihistaminics aggravate the outcome of an acute or 
chronic bacteria! infection (3, 5, 6, 7, 12). All these experiments show that 
antihistamines act on the RES, inhibiting partially or completely the action of 
those mediators which interfere in the defense processes. Among these factors 
histamine swings into action first. This substance was considered by Jancso 
(8) to be a chemical activator of the RES. The role of histamine in the 
maintenance of the functioning of the RES had not been proved, since no 
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quantitative methods have been devised to measure the quantities of latent 
and biologically active histamine present simultaneously in the tissues. 
Indirect methods, using synthetic antihistaminic substances and the methods 
of Jancso (8), support the belief in the participating of histamine as a physio- 
logical factor in the phagocytic function of the RES. There is no doubt that 
other factors are also participating similarly in the functioning of the RES in 
the defense processes against injury. Available experimental data show that 
as soon as the infection agents contact the tissues, the immediate liberation of 
histamine takes place by the transformation of inactive histamine into the 
biologically active form. This active histamine acts immediately in the sense 
of Jancso, inducing a transitory phagocytic activity of the capillary 
endothelium and increasing locally the capillary pressure, and the capillary 
permeability. 


Experiments on the surviving monocytes show that BD.I stimulates the 
phagocytic activity of these cells more intensely than does histamine. It 
seems that this action is maintained as long as BD.I remains in the animal 
organism. Maximal stimulation was obtained if 10 uwgm. per ml. of BD.I 
was present in the phagocytic mixture. Higher amounts than 100 ygm. per 
ml. histamine decreased the phagocytic activity, but the stimulation of 
phagocytosis continued if the concentration of BD.I was increased. In other 
words, even larger amounts of BD.I had no toxic effects on the monocytes. 
Intramuscular administration of BD.I for the guinea pigs during a period of 
10 weeks resulted in a maximal phagocytic stimulation of monocytes deriving 
from these animals, and about 50% of the monocytes ingested six or more 
than six bacilli. The sera of BD.I treated animals doubled the phagocytic 
activity of monocytes from the normal guinea pigs, as compared with the 
controls. The fact that already 0.1 ygm./ml. antihistamine decreased the 
phagocytosis of monocytes from normal animals, but 10 ywgm./ml. of the 
antihistamine was necessary to antagonize the in vivo action of BD.I (Table 
III), suggests that the phagocytic stimulation by BD.I arrived at a relatively 
high level. 


Since tuberculous guinea pigs were treated in previous experiments (3, 9), 
with the same doses of BD.I as in the present experiments, it is supposed that 
the beneficial effect of this substance on the outcome of experimental tuber- 
culosis could be due to a continual stimulation of the phagocytic activity of 
the monocytes. However, according to Lurie (11) monocytes deriving from 
animals infected with tubercle bacilli exhibited an increased phagocytic 
activity. Biozzi et al. (2) found that the phagocytic activity of the RES was 
highly increased during the first 15 days in experimental tuberculosis in mice. 
Whether the administration of BD.I could still further increase this stimulated 
phagocytosis and whether the beneficial action of BD.I could be attributed 
exclusively to such a mechanism can be demonstrated only by similar investi- 
gations on guinea pigs infected with tubercle bacilli. 
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THE ABSORPTION OF LABELLED 
GLUCOSE, SODIUM GLUCURONATE, AND GLUCURONE FROM 
THE GASTROINTESTINAL TRACT OF THE RAT! 


By Marian A. PACKHAM 


Abstract 


The absorption of labelled glucose, sodium glucuronate, and glucurone from 
the gastrointestinal tract of the rat was studied by measuring the amount of 
C* remaining in the tract at various times after oral administration. The rate 
of expiration of labelled carbon dioxide was also determined. Glucose was 
rapidly absorbed from the small intestine, but sodium glucuronate and glucurone 

haved similarly and did not begin to disappear from the gut until they had 
reached the large intestine. The results of these and previous experiments led 
to the conclusion that very little glucuronate was absorbed as such but that 
most of it was changed into other compounds before absorption. 


Introduction 


In experiments concerned with glucuronide formation in rats fed a-naphthol, 
it has been found (4-6) that labelled sodium glucuronate is metabolized in 
different ways: following oral and parenteral administration. Orally 
administered sodium glucuronate resembles glucose in the extent of its 
metabolism to carbon dioxide, and only small amounts of the label appear in 
the urine. On the other hand, parenterally administered sodium glucuronate 
is not appreciably metabolized to carbon dioxide and is nearly all excreted 
unconjugated in the urine (6). Because of these differences it seemed probable 
that most of the sodium glucuronate was undergoing chemical change before 
absorption. To investigate this possibility, a comparison was made of the 
rate of disappearance of labelled sodium glucuronate, glucurone, and glucose 
from three regions of the intestinal tract. 


Methods 


Glucose, uniformly labelled with C™, was prepared photosynthetically by 
the method of Putman, Hassid, Krotkov, and Barker (8). Its purity was 
tested by paper chromatography (7). 

Glucurone, uniformly labelled with C“, was supplied by the Corn Products 
Refining Company. Its purity was tested by paper chromatography (6). 

Sodium glucuronate, uniformly labelled with C, was prepared by titration 
of labelled glucurone with 0.6 N sodium hydroxide to a permanent phenol- 
phthalein end point. 

The experimental details are summarized in Table I. Four well-fed 200 
gm. rats were used in every experiment. After each had received equal doses 
of the radioactive compound by stomach tube they were placed in a meta- 
‘bolism cage (4) and supplied with water but no food. The expired carbon 


‘Manuscript received in original form October 22, 1954, and as revised, November 7, 1955. 
Contribution from the Department of Biochemistry, University of Toronto, Toronto, Ontario. 
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TABLE I 


EXPERIMENTAL DETAILS AND PERCENTAGES OF ADMINISTERED C™ IN EXPIRED CARBON DIOXIDE 


» 








Percentage of C administered to 1 rat 
Total in CO: expired by 1 rat 
Expt. Labelled compound ¢.p.m. to 
N given 4 rai 


°. ts 0-1 hr. 1-2 hr. 2-4 hr. 4-8 br. 








Glucose 4,850,000 13 22 19 14 
Sodium glucuronate 1,926,000 0.1 0.3 12 58 
Sodium glucuronate* 713,000 0.4 1 10 24 
Sodium glucuronate* 115,000 i) 0.5 ii 52 
Glucurone 1,600,000 0.4 2 9 33 
Glucurone 598 ,000 0.4 1.8 9.2 





*This sodium glucuronate was not pure and contained about 15% of the label as naphthol 
con. Experiments 3 and 4 have been included, however, to support the data obtained in 
periment 2. 


dioxide was collected from the sodium hydroxide traps at one, two, four, and 
eight hours and was precipitated as barium carbonate for counting. 

The amounts of C remaining in the stomach, small intestine, and large 
intestine at one, two, four, and eight hours after administration of the labelled 
compounds were measured. (In Experiment 4, the amount in the entire tract 
was measured at these times.) For this measurement, one of the rats was 
killed by a blow on the head and the gastrointestinal tract was exposed and 
tied off. The tract was removed and as much as possible of the fat, glandular 
tissue, and blood vessels was dissected away. The stomach, small intestine, 
and large intestine were dropped whole into separate tubes containing 10 ml. 
of 50% sodium hydroxide. Each mixture was heated under reflux until the 
tissue had disintegrated (about one hour). Several drops of “Tween 40” 
were added and the mixture was quantitatively transferred to a Ten Brock 
grinder. After grinding, the volume was adjusted to 100 ml. with water. 
Samples (1 or 2 ml.) were dried in Van Slyke digestion tubes in a desiccator 
and the carbon in them was converted to carbon dioxide by the method used 
in the Van Slyke macro carbon determination (9). The carbon dioxide was 
trapped in 10% carbonate-free sodium hydroxide from which it was 
precipitated as barium carbonate for counting. 

Samples to be counted were evenly distributed over an area of 3.00 sq. cm. 
on aluminum dishes, dried, and counted with a Geiger—Miiller tube with a 
mica window of thickness 2 mgm. per sq. cm. All counts were corrected for 
background and self-absorption. The barium carbonate samples all weighed 
10 mgm. (+ 1 mgm.). 


Results 


The method of studying absorption from the gastrointestinal tract by 
estimating the amount of C" remaining after the administration of a labelled 
compound seems to be superior to any type of chemical determination. Even 
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though the compound originally given undergoes chemical change, the amount 
which has not been absorbed can be easily measured and there is no possibility 
of interference from the food or gastrointestinal secretions. 

The percentages of administered C™ appearing as labelled carbon dioxide 
in the expired air are given in Table I. Fig. 1 illustrates the percentages of 
administered C™ remaining in the stomach, small intestine, and large intestine 
at one, two, four, and eight hours. Although the results were obtained using 
a single rat at each time, the similarity between duplicate experiments indicates 
that general conclusions from these data are justified. The results of Experi- 
ment 4 are not illustrated in Fig. 1. In this experiment at one, two, four, 
and eight hours the total amounts of C™ in the entire gastrointestinal tract 
were 96, 87, 40, and 10% respectively. 

Evidently glucose was rapidly absorbed from the small intestine since the 
proportion of administered C™ did not rise above 10% in the small intestine 
or 4% in the large intestine. (These percentages were duplicated in another 
experiment with labelled glucose which is not reported in detail here because 
it was complicated by administration of a-naphthol.) 
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Fic. 1. Percentage of administered C remaining in the gastrointestinal tracts of rats 
after one, two, four, and eight hours. 
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From Fig. 1 it is evident that the rate of passage of all three labelled com- 
pounds from the stomach into the small intestine was similar. However, 
although glucose rapidly disappeared from the small intestine, large amounts 
of sodium glucuronate and glucurone accumulated in it and then passed into 
the large intestine. Evidently little absorption of these latter two compounds 
occurred until the C' reached the large intestine. The carbon dioxide data 
also lead to this conclusion since in the experiments with sodium glucuronate 
and glucurone, C" did not appear in the expired carbon dioxide until two to 
four hours corresponding to the time when significant amounts of C™ had 
reached the large intestine. 


Discussion 


It has been reported previously (4, 6) that the fate of orally administered 
sodium glucuronate differed from that of parenterally administered sodium 
glucuronate. Given orally, sodium glucuronate was only slightly excreted in 
the urine and gave rise to labelled carbon dioxide; given parenterally, sodium 
glucuronate was largely excreted and was not appreciably metabolized to 
carbon dioxide. These results had led to the suggestion that little sodium 
glucuronate was absorbed from the gastrointestinal tract of the rat in the 
form of glucuronate but that it was changed into other compounds before 
absorption. These other compounds apparently could be absorbed and 
catabolized to carbon dioxide. In the experiments reported here, it has been 
established that no appreciable absorption of sodium glucuronate or glucurone 
occurs until the compounds have reached the large intestine. Therefore, the 
postulated change which they undergo in the gut before absorption probably 
occurs in the large intestine. 

The similarity between the fates of orally administered sodium glucuronate 
and glucurone was interesting, because following parenteral administration 
about 40% of labelled glucurone is catabolized to carbon dioxide, but little 
catabolism of sodium glucuronate occurs (5). Apparently neither is appreci- 
ably absorbed until it reaches the large intestine. 

In comparing these results with those of other workers it should be borne 
in mind that the experiments described here are concerned with the fate of 
only the major portion of the glucuronate or glucurone and do not accurately 
measure small absorptions of the order of 0-10%. In contrast, most other 
workers (1-3) have studied the fate of only the small portion of glucurone 
which is absorbed unchanged. They report that in man, glucurone is absorbed 
from the gastrointestinal tract. 

In the rat, however, the small percentage of glucuronate or glucurone 
absorbed unchanged and the lack of appreciable conjugation of parenterally 
administered glucuronate (6) lead to the suggestion that glucuronate for 
glucuronide formation does not arise from preformed glucuronate in the diet 
but normally must be of endogenous origin. 
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FURTHER STUDIES ON THE ABSORPTION SPECTRA OF 
STEROIDS IN ‘100%’? PHOSPHORIC ACID' 


By Wojciech J. NOWACZYNSKI AND PauL R. STEYERMARK 


Abstract 


Absorption maxima and minima of 67 steroids, after treatment with ‘‘100%” 
phosphoric acid, are tabulated together with their optical densities. Some 
correlations between the structure and the spectra of steroids are demonstrated 
with the aid of simple model compounds. An example of the application of the 
technique to the characterization of steroids from natural sources is quoted. 


Introduction 


Our previous study of the absorption spectra of steroids in “100%” 
phosphoric acid (5) indicated that this technique could be valuable in the 
investigation of steroids. 

A relationship between the structure of compounds and their spectra could 
be suggested in some cases. We have now extended our study to a larger 
number of steroids. Some of those compounds had isolated functional groups 
and served as model substances. In this paper we present tabulated data 
for 67 additional compounds. An example of the application of the technique 
to natural steroids is also given. 


Results 


The maxima and minima of all investigated steroids are recorded in Table I 
below. The technique used was the same as reported in our first paper (5)*. 
Concentration was 25 ugm./ml. reagent. 


Discussion 


A relationship between the structure of steroids and their spectra in “‘100%”’ 
phosphoric acid can be proved in some cases. 

As it was pointed out in our first paper, compounds with the A‘-3-ketonic 
configuration have a maximum absorption in the 275-290 my region. The 
model steroids Nos. 8, 42, and 65 confirm that observation. The same would 
probably be true for other a, B-unsaturated ketonic functions. 

The single A‘-function (A‘-androstene, No. 12) gave only a very small 
peak at 411 my. The single 3-one function (androstane-3-one, No. 15 and 
cholestane-3-one, No. 66) had no selective absorption. It must be assumed 
therefore that the whole A‘-3-one group behaves like a specific function. 

1 Manuscript received December 27, 1955. : 

Contribution from the Clinical Research Department, Hétel-Dieu Hospital, Montreal, Canada. 
Work supported through grants given to Dr. Jacques Genest, by the Life Insurance Medical Research 


Fund, the National Research Council, the Ministries of Public Health (Federal-Provincial Plan), 
and the Ciba Company. 


*It has been found since then that Baker's analyzed phosphoric acid was better suited for this 
work than Mallinckrodt's A.R. 
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TABLE I 


ABSORPTION SPECTRA OF STEROIDS IN “100%" PHOSPHORIC ACID 








Total Max. Min. 
No. formula Name of compound O0.D. mp O.D. 





CisHisO2 Ai 8.5 (10) .6.8_Estrapentaene-3-ol- (0.745) I* 265 (0.682) 
17-one (equilenin) (3)tf (0.858) 352 (0 708) 
.489) 447 (0.798 

.468) 


CisH200- A} 3.600) 7_Estratetraene-3-ol-17-one 530) 265 (0.465) 
(equilin) (3) .576) 333 (0.305) 

. 143) 

.010) 

.735) 


CisH2.02 A! 3,500)_Estratriene-3,16a, 17B- .250) (0. 
triol (estriol) (3, 8) q .021) (0. 
. 187) (0. 

.119) 


A} 3.5(0)_Estratriene-3-methoxy- : ; 
16,17-dione (4) 0. 


CisH2602 A*-Androstene-3,17-dione (1) ‘ (0. 


CisH2003 A! 3.500). Estratriene-3-methoxy- ; (0. 
17-ol-16-one (4) ; 5 


CisH20; A*-Androstene-118-ol-3,17-dione (4) ; (0. 


C1 9H2s0- A‘-Androstene-3-one (5) : (0. 


Ci9H2s02 Androstane-3,17-dione (1) +5 
Ci sH2s02 Etiocholane-3,17-dione (5) f (o. 
(0. 


Ci 9H2s02 A‘-Androstene-176-ol-3-one (0. 
(epitestosterone) (4) . (0. 


CisH30 A‘-Androstene (6) 375 (0. 
CisH 22 Androstane (12) None 
CisH x Etiocholane (12) None 
CisH 300 Androstane-3-one (7) None 
CisH 300 Androstane-17-one (7) 2 (0 
CisH 300 Etiocholane-17-one (7) 5 (0. 
Ci9H 300. A®-Androstene-38,17a-diol (4) e. 


(0. 
*I designates an inflection or a plateau. 
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TABLE I—Continued 


ABSORPTION SPECTRA OF STEROIDS IN ‘100%"’ PHOSPHORIC ACID—Continued 











Total Max. Min. 
No. formula Name of compound mz O.D. mz O. 
19 CieH 3002 Androstane-178-ol-3-one (4) 300 (0.821) 252 (0.347) 
387 (0.164) 348 (0.121) 
20 CisH 300; Androstane-17a-ol-3-one (5) 303 (1.029) 248 ert 
410 (0.257) 360 (0.158 
21 CisH 300: A® Androstene-38,178-diol (8) 305 (0.762) 248 (0.297) 
410 (0.425) 364 (0.315) 
496 (0.388) 448 (0.232) 
22 CisH xO Etiocholane-178-ol (7) 302 (0.403) 240 (0.142) 
23 CisH xO Androstane-3a-ol (5) 317 (0.171) 252 (0.085) 
410 (0.092) 385 (0.078) 
24 C:isH 20 Androstane-3§8-ol (5) 317 (0.201) 250 (0.122) 
410 (0.085) 390 (0.074) 
25 C,,;H 20 Androstane-178-ol (5) 300 (0.332) 245 (0.045) 
26 CisH 20, Androstane-3a,17a-diol (5) 315 (0.431) 265 (0.308) 
409 (0.310) 380 (0.269) 
345 (0.398) I 
27 CisH 20, Androstane-38,178-diol (5) 313 Osan 270 (0.335) 
409 (0.394 378 (0.276) 
350 (0.335) I 
28 CroHaO- A! 3.50°)_Estratriene-17a-ethinyl- 275 (0.636) 245 0. 
3,17B-diol (8) 350 (0.350) I 405 to a7 
456 (0.789) 490 (0.602) 
29 C2oH 202 A*-Androstene-17a-methyl- 310 (0.430) 248 (0-383) 
38,17B-diol (4, 5) 415 (0.498) 345 (0.233 
500 (0.446) 400 (0.241) 
30 CnH»O; A!-Pregnadiene-17a,21-diol- 257 (1.280) 
3,11,20-trione (2) 290 ert I None 
360 (0.161) I 
31 CuHes0; A‘ 6. Pregnadiene-3,20-dione (4) 283 8-009) None 
360 (0.127) I 
32 CuHes02 A‘-*-Pregnadiene-3,20-dione (4) 352 (2.503) 262 (0.247) 
33 CnH2s0; Als. nadiene-118,17a,21-triol- 260 0:50) 245 Se 
3, 1one (2) 355 (0.389 328 (0.320) 
460 (0.235) I 
34 CuH300; A‘-Pregnene-16a-ol-3,20-dione (9) 283 gi None 
350 (0.102) I 
35 CuHs00s; A*-Pregnene-118-ol-3,20-dione (9) 285 (1.390 232 (0.567) 
350 (0.131) I 
435 (0.089) I 
36 CuH so, A*-Pregnene-1 1a,21-diol-3,20-dione 233 (0. ny} 241 Be 
(9) 280 (1. iz) 332 (0.146 
386 (0.296) 417 (0.160) 
477 (0.239) 
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TABLE I—Continued 
ABSORPTION SPECTRA OF STEROIDS IN ‘'100°%"’ PHOSPHORIC AciD—Continued 
Total Max. Min. 
No. formula Name of compound mz O.D. mp O.D. 
37 CuH 300, Pregnane-17a-ol-3,11,20-trione (4) 235 (0.449) I None 
295 (0.289) I 
38 CnH 300s A‘-Pregnene-14a,17a,21-triol- 282 (0.868) 233 (0.509) 
3,20-dione (10) 360 (0.291) 428 (0.235) 
463 (0.267) 
39 CaiH 300; A‘-Pregnene-8 £,17a,21-triol- 280 (1.185) 235 (0.676) 
3,20-dione (10) 390 (0.301) 352 (0.244) 
466 (0.289) 427 (0.248) 
40 CH 300s A‘-Pregnene-17a,208,21-triol- 279 (0.559) 230 (0.191) 
3,11-dione (11) 
41 CaH 300s A‘-Pregnene-68,17a,21-triol- 260 Sr 237 (0.385) 
3,20-dione (10) 365 (0.315 320 (0.271) 
472 (0.161) 459 (0.149) 
42 CxuH 20 A*-Pregnene-3-one (5) 290 (0.701) 233 (0.263) 
43 CnaH 202 A*-Pregnene-38-ol-20-one (8) 360 (0.309) I 272 (0 O08) 
410 (0.718) 465 (0.095 
488 (0.120) 
44 CxuH 20; A‘-Pregnene-17a,208-diol-3-one (4) 290 (1.105) 242 4 190) 
492 (0.315) 405 (0.123) 
45 CaH 20, A*-Pregnene-17a,208,21-triol-3-one 232 (0.900) 245 (0.490) 
(4) 283 (0.970) 380 (0.121) 
410 i 1205 440 (0.110) 
474 (0.120) 
46 CauH 320, A‘-Pregnene-178,208,21-triol-3-one 232 (0.722) 245 (0.472) 
(9) 283 (0.850) 360 (0.146) 
395 (0.193) 442 (0.155) 
480 (0.196) 
47 CaH 20, Pregnane-11a,17a-diol-3,20-dione 255 (0.364) I 290 er 
(4) 308 (0.332) 345 (0.196) 
370 {0 1523 
465 (0.152) I 
48 CaH 20, Pregnane-118,17a-diol-3,20-dione 270 (0.334) 
(4) 368 (0.252) 250 0. 
480 (0.117) I 335 (0.224 
49 CaH 20; A‘-Pregnene-118,17a,208, 21-tetrol- 232 (0.820) 250 (0.582) 
3-one monohydrate (5, 11) 280 (0.879) 342 (0.171) 
385 (0.264) 435 (0.159) 
467 (0.174) 
50 CxnH xO Allopregnane-20-one (7) 257 (0.191) 240 (0.173) 
410 (0.046) 340 (0.027) 
51 CuH »O A*-Pregnene-38-ol (5) 312 (0.365) 250 (0.221) 
348 (0.319) 338 (0.309) 
410 (0.123) I 
52 CuaH 402 Pregnane-3a-ol-20-one (11) 278 (0.430) 250 (0.399) 


417 (0.227) 382 (0.179) 
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TABLE I—Concluded 


ABSORPTION SPECTRA OF STEROIDS IN “100%" PHOSPHORIC ACID—Concluded 











Total Max. Min. 
No. formula Name of compound mu O.D. mu O.D. 
53 CnH xO; A®-Pregnene-38,17a,208-triol (9) 302 (0.412) 263 (0.358) 
434 (0.724) 335 to anny 
520 (0.978) 467 (0.494 
620 (0.402) 580 (0.376) 
54 CuH uO. Allopregnane-38,118,21-triol-20-one 265 (0.498) I 343 (0.293) 
(4) 417 (0.412) 
55 CnH wOs Allopregnane-38,118,17a, 21-tetrol- 260 (0.463) I 368 (0.225) 
20-one (4) 295 (9.365) I 
423 (0.331) 
56 C23H2906F 9a-Fluoro-A‘-pregnene-3,11,20- 278 (0.221) 232 (0.093) 
trione-17a@,21-diol-21-acetate (13) 
57 C2sH2s0Cl 9%a-Chloro-A‘t-pregnene-3,11,20- 282 (1.015) 235 (0.258) 
trione-17a,21-diol-21-acetate (13) 395 (0.086) 352 (0.055) 
58 C23H290sBr 9%a-Bromo-A‘-pregnene-3,11,20- 282 (0.881) 230 (0.411) 
trione-17a,21-diol-21-acetate (13) 
59 C2sH3O.F 9%a-Fluoro-A‘-pregnene-3,20-dione- 278 (1.003) 225 (0.319) 
118,17a,21-triol-21-acetate (13) 405 (0.142) 350 (0.087) 
470 (0.076) I 
60 C2:3H0sCl 9%a-Chloro-A‘-pregnene-3,20-dione- 275 (0.790) 230 (0.298) 
118,17a,21-triol-21-acetate (13) 
61 Ce3sH 3604 Allopregnane-38, 17a-diol-20-one- 311 6-3 280 (0.289) 
3-acetate (4) 425 (0.213) 388 (0.174) 
62 CuH »Os Dehydrocholic acid (8) None None 
CaHs oO, Desoxycholic acid (8) 315 (0.478) 250 (0308 
388 (0.842) 343 (0.308) 
CauHs00s Cholic acid (8) 320 (0.582) 247 (0.233) 
388 (0.650) 350 (0.298) 
65 Cz7HuO A‘-Cholestene-3-one (5) 285 (0.945) None 
66 C27HyO Cholestane-3-one (5) None None 
67 C21H4O Cholesterol (8) None None 





+For all the s 
(1) Dr 


3 
S) 
my Py tye eee SB 


fms 
~ 
ee ee 
S 

“ 

‘ 


teroids we are glad to express our thanks to: 
. Wettstein, from the Ciba Company, Basle. 
Henderson, from the Shering Corporation. 
C. Reifenstein, from the Ayerst, McKenna & Harrison Company. 
C. Touchstone, from the University of Pennsylvania Hospital. 
Bernstein, from Lederle Laboratories. 
. Meyer, from the Worcester Foundation for Experimental Biology. 
. Zaffaroni, from the Syntex Co., Mexico City. 

. Martin, from the University of Montreal. 
. M. Bongiovanni, from the Children's Hospital 
. H. Peterson, from the Upjohn Company, Kala 
. Pfister, from the Merck Co., Rahway, N.J. 
. D. H. Heard, from McGill University, De 


mazoo 


13) Dr. J. Fried, from the Squibb Medical Research Institute. 


, University of Pennsylvania. 


riment of Biochemistry. 














—* 


) 
) 


)) 
3) 


3) 
3) 








NOWACZYNSKI AND STEYERMARK: ABSORPTION SPECTRA 597 


A! 4.3-keto compounds (Nos. 30 and 33) have the maximum absorption 
around 260 mu. : 

Out of 101 steroids studied, seven compounds without the A‘-3-keto con- 
figuration (Nos. 26*, 27*, 30*, 1, 2, 28, and 52) also gave a maximum or an 
inflection in the 275-290 my region. Their peaks are, however, very small 
and completely different from the characteristic absorption of the A‘-3-ketonic 
steroids. 

Four simple model steroids (Nos. 16, 17, 22, 25) confirm our observation 
that compounds without a side chain at C-17, but having either a hydroxyl 
or a carbonyl group in that position show a selective absorption between 
295 and 305 mu. 

Three aromatic estrane derivatives, with an additional carbonyl or hydroxy] 
group at C-16 (Nos. 3, 4, and 6), gave no maximum in this region. 

A‘-Androstene-3-one derivatives, possessing either a C-17-hydroxylic or a 
C-17-ketonic function, may have a maximum between 275 and 305 mu. 
Three compounds (Nos. 5*, 5, 11) illustrate the contribution of each of those 
two characteristic functions towards a resulting absorption maximum. 

In some cases it is possible to distinguish two isomers. It appears from the 
tables that hydrocortisone (No. 25*) has a different absorption curve from its 
11-epi-isomer (No. 24*). 

Androstane-17f-ol-3-one (No. 19) can be distinguished from etiocholane- 
17B-ol-3-one (No. 9*). Testosterone (No. 5*) and its 17-epi-isomer (No. 11) 
are another example. 

A small difference can be noticed between two compounds (Nos. 29* and 
33*), one of which belongs to the pregnane series, while the other one is a 
derivative of allopregnane. Several other examples could be given. There 
are however also a large number of isomer pairs of steroids which have nearly 
identical spectra. 

The stability of the absorption curves obtained compares favorably with 
those obtained by Zaffaroni’s method (7) with concentrated sulphuric acid. 
Spectra of corticosterone and cortisone obtained by our technique, first under 
standard conditions and then after 24 hr., are shown in Fig. 1. 

Comparing our spectra with those obtained by Bernstein and Lenhard (1) 
in sulphuric acid, we notice some differences between both techniques. 

In sulphuric acid, many hydroxylated compounds show selective absorption 
between 220 and 278 my. A vast majority of them have maxima in the 
230-243 my region. 

In phosphoric acid, there are only a few compounds with a maximum 
between 230 and 240 mu. The only definite range we can ascribe to the 
presence of a hydroxyl group is the above mentioned 295-305 my region, in 
which absorption maxima of C-17-hydroxyls are to. be found. 

~ In both methods a definite range can be assigned to a-unsaturated ketonic 
groups. 


*Numbers with asterisks refer to compounds tabulated in reference (5). 
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Fic. 1. Stability of absorption curves in “100%” phosphoric acid. 


Upper left — corticosterone, standard conditions. 
Upper right — cortisone, standard conditions. 
Lower left — corticosterone after 24 hr. 


Lower right — cortisone after 24 hr. 


Bernstein and Lenhard find those functional groups to exhibit an absorption 
maximum within the 279-300 my range, while the A‘-3-ketonic chromophore 
is further limited to 281-300 my. Our technique gives a narrower range for 
the selective absorption of that group (275-290 my) and it is shifted towards 
shorter wavelengths. 

The possibility of a definite absorption region being assigned to an 
oxygenated function at C-17 (for Cis and Cis steroids) was not considered by 
Bernstein and Lenhard while we believe there is justification in assigning the 
295-305 my range to these functions. 
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Finally Bernstein and Lenhard ascribe to the A'‘-3-keto chromophore a 
wavelength of 327 my, while in our technique this functional group gives a 
maximum around 260 mu. 

It is debatable whether one absorption spectrum is sufficient to characterize 
a steroid obtained from natural sources. However combining our technique 
with Zaffaroni’s procedure any steroid already described could be identified 
with almost complete certitude. 

On the other hand, the analysis of the spectrum of an unknown compound 
can give the searcher the first idea as to the possible chemical structure of 
the substance. 

We have successfully applied our method to the investigation of some 
steroids isolated from human urine and plasma. 

Urinary extracts were purified by chromatography in at least three different 
systems. 

Plasmatic steroids were purified in the same manner, following dialysis (3). 

The common corticoids and their metabolites which we could identify by our 
method included: hydrocortisone, cortisone, and their tetrahydroderivatives, 
as well as aldosterone. All those compounds were also characterized by their 
R; values in two chromatographic systems, as well as by other identification 
procedures, such as: U.V. absorption, B.T. reduction (4), Bush fluorescence 
reaction (2), S.P.R. reaction for 17-hydroxycorticoids* (6), absorption spectra 
in concentrated sulphuric acid (7). 


Conclusion 


We have presented additional data for the new technique of identification 
of steroids by treatment with “100%” phosphoric acid. 

The absorption of compounds studied was found to be specific in nearly all 
cases, and the method has been adopted as one of standard techniques in 
our department. 
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COMPARATIVE BIOCHEMICAL STUDIES ON NORMAL AND ON 
POLIOMYELITIS INFECTED TISSUE CULTURES 


II. INVESTIGATION OF VARIOUS ENZYME SYSTEMS IN HOMOGENATES OF 
KIDNEY TISSUE CULTURES OF NORMAL RHESUS MONKEYS! 


By E. Kovacs 


Abstract 


Pools of normal tissue cultures were examined for enzymes associated with 
nucleic acid metabolism. Ribonucleases and desoxyribonucleases, 5-nucleo- 
tidases, simple nucleotidases, acid and alkaline phosphatases were studied, 
and certain others occasionally demonstrated. Characteristic behavior of these 
enzyme systems during the cultivation procedures, during growth, and during 
degeneration was described. Quantitative data indicate the presence of signifi- 
cant amounts of enzymes in the supernatant fluid. This accounts for the 
considerable loss in these specialized constituents during fluid changes. The 
bearing of these findings on the physiology and pathology of cultivated cells 
was discussed, as a working hypothesis, with special emphasis on poliomyelitis 
infection. The use of enzyme assays, as functional tests supplementing 
morphological methods in tissue cultivation, was recommended. 


Introduction 


In a preceding publication (26) the presence of enzymes has been reported 
in synthetic nutrients after incubation with monkey kidney cultivated in 
vitro. In the present study attempts were made to investigate the activity 
of nucleolytic enzymes in the tissue explants with chemically defined media. 
Information in this particular field was scanty. Fell and Robison (10) 
described the synthesis of alkaline phosphatases in ossifying cartilage in vitro 
and their disappearance during degeneration. Much work was done on 
phosphate metabolism and on nucleoprotein synthesis in tissue cultures (5, 1, 
18, 6, 7), although the enzyme systems concerned with these reactions were 
not investigated. Over 100 pools of normal rhesus kidney fragments cultured 
in flasks and epithelial cells grown in roller tubes were analyzed for various 
biochemical constituents. This report however deals exclusively with the 
enzyme studies. Several biocatalysts were demonstrated. Their occurrence 
and activity were followed by the procedures of tissue cultivation, such as 
explantation, trypsinization, fluid changes, including washing. Synthetic 
media are particularly suitable for this type of work because enzymes in 
general can be omitted. The results shed light on an interesting approach, 
namely the study of enzyme kinetics of cells cultivated im vitro, as an 
expression of their function, and may serve as a starting point for further 
studies on normal and on poliomyelitis virus infected tissues (28). 


‘Manuscript received November 17, 1955. 
Contribution from the Department of Hygiene and Preventive Medicine, University of Toronto, 
Toronto, Ontario. This work was supported by a Public Health Grant. 
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Materials and Methods 

Nutrient Media 

Normal tissue cultures were obtained from the same source as before.2:? In 
the preceding paper the methods of cultivation have been outlined in detail 
and need no repetition (26). Since the beginning of August, 1955, the 
synthetic mixture 199 of Morgan and associates (35) has been replaced in the 
poliomyelitis division of the Connaught Medical Research Laboratories by a 
simplified variant, the synthetic mixture 597,‘ from which the pyrimidines, 
purines, and pentoses have been omitted. Therefore we include assays with 
both nutrients. Various media have been in use with the flask cultures, 
designated with serial numbers.?, Most of them were Earle’s or Tyrode's 
solution supplemented with one amino acid at various concentrations. Some 
synthetic mixtures (such as Nos. 102, 122, 123, 124) of less complex nature 
than 199 and 597 were also assayed, in a manner similar to the medium 697 
of Healy et al. (16), which was extensively employed in its original form or 
with some new ingredients.’ 


Preparation of Tissue Cultures for Enzyme Assays 


Fresh or freshly frozen cultures were homogenized (the latter melted at 
25° C.), in a microgrinder of the Potter-Elvehjem type. The fluid was 
pipetted off under aseptic conditions, the tissues milled six minutes for the 
suspended kidney fragments and one to two minutes for the roller tube tissue 
cultures, with addition of portions of the original nutrient. The homogenizer 
was motor driven and chilled by ice to avoid any deterioration by overheating. 


Tissue culture homogenates were generally used right after preparation or 
stored occasionally, as will be stated, at 4°C., or else frozen. To exclude 
individual variations 10-200 roller tubes were pooled after grinding and 
turbidity readings were carried out (31) immediately. Only pools smaller 
than one hundred individual cultures are separately mentioned in the tables. 

In some batches assays were run with the fluids from tissue culture, with or 
without centrifugation, in parallel with supernatants of centrifuged homo- 
genates. Other experiments with the centrifuged sediment homogenized in 
fresh synthetic media were also carried out, compared concurrently with 
supernatant and with whole homogenates. 


Measurement of Enzyme Activities 


Acid and alkaline phosphatases were measured by Shinowara’s technique 
(38) as previously (25, 26). Homogenates of 0.3 to 2 ml. were mixed with 
6 to 9 ml. of substrate. Incubation was four hours at 37° as a routine, 
followed by precipitation with 2 ml. ice-cold 30% trichloracetic acid and 
by filtration on No. 40 acid-free Whatman filter paper. Half of the filtrate 

2The suspended flask cultures were prepared and kindly supplied by Dr. A. D. Franklin, who 
has used them continuously in his as yet unpublished assays. 

*Kindly supplied by Dr. D. R. E. MacLeod and by Dr. G. H. Macmorine of the Connaught 


Medical Research Laboratories, University of Toronto. Being used in the Poltomyelitis Assay 
Department. 


“Recommended by R. C. Parker and introduced by Dr. G. H. Macmorine (unpublished). 
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was taken for the determination (12) and the activity expressed as increase of 
inorganic phosphorus, wgm. per ml. of the system. The routine was similar 
in the 5-nucleotidase assays (15, 17): here 2 : 6 was found to be the optimal 
enzyme: substrate ratio. The system was prepared with 0.1% solution of 
5-adenylic or 5-inosinic acid as substrate in 0.2 M veronal—acetate buffer of 
pH 8.5. The simple nucleotidases were assayed, as previously (26, 25). 
Here the optimal ratio was 1:10 for enzyme and substrate; higher homo- 
genate concentrations were inhibitory. No extra magnesium ions were used, 
because of the sufficient Mg** content of balanced salt solutions (36) of the 
nutrients. Two hours’ incubation at 37° C. was the routine for nucleotidase 
assays. 

For RNA-se determination the total acid soluble phosphorus (TASP) 
method of Kunitz (29) was adopted (26): 1-2 ml. of homogenate or 
supernatant was mixed with 2 to 6 ml. of 0.1% purified pentose nucleic acid 
(PNA) in 0.1 M acetate buffer of pH 5 or in 0.2 M borate buffer of pH 7.6. 
After incubation and precipitation with twice the volume of MacFadyen’s 
reagent (21), the TASP was determined by King’s method (20). Enzyme 
activity was expressed as increase in TASP ywgm. per ml. of system after the 
appropriate deductions for the controls. 

For DNA-se estimation the viscosimetric technique was chosen as previously 
(23, 24). Enzyme activity was expressed by percentage drop of relative 
viscosity of the system (40), per time of incubation in hours at 30°C. The 
results were occasionally checked by TASP determinations (24). Generally 
1 ml. of assay material was used. Substrate,® tissue culture homogenate, and 
medium blanks were always run as controls. 

All the assays were made in duplicate or triplicate, occasionally in quad- 
ruplicate, and the average values were used in the calculation of results. 


Statistical evaluation of experimental and sampling error was made (11) 
and recorded. 


Results 


Table I presents the results of turbidity measurements. The design of these 
experiments was to provide a tool for quick information on the tissue mass 
and to aid in obtaining “isoturbidity’’ by dilution (28). Characteristic 
features are detectable by this rough means. The turbidity of tissue culture 
homogenates is greater in more complete nutrients providing better growth, 
as shown by the assays. (See Tyrode’s solution versus Tyrode's solution 
plus glycine or synthetic medium 697 (group 1).) In general the six day value 
was doubled at day 11. The turbidity increases to a certain point, then in 
unchanged and in unincubated flasks decrease occurs. These latter tubes 
have been at 4°C. after 11 to 26 days’ incubation for a maximum of two 
months. Tissue culture in complete media displayed high readings after 
35 days’ refrigeration also. Media containing colchicine (designed for the 


"Highly polymerized DNA was kindly a ang by Professor G. C. Butler, Department of 
Biochemtstry, University of Toronto, as previously. 
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TABLE I 


MEASUREMENT OF TURBIDITY IN TISSUE CULTURE HOMOGENATES 
OF RHESUS MONKEY KIDNEY 




















Turbidity, 
Age of TC, Klett units/ml. 
NTCH in medium days Error + 5% 
1. Flask cultures of kidney fragments 
Tyrode’s solution 6 240 
Tyrode’s solution + glycine 1 gm./I. 6 340 
SM 697 (synthetic nutrient) (16) 6 390 
SM 697 (synthetic nutrient) 11 800 
" 35* 1125 
= 58* 115 
SM 138 (697 + colchicine 1 ygm./20 ml.) 6 340 
7 11 715 
SM 697, medium control 11 10 
2. Roller tube tissue cultures of trypsinized kidney cortex 
SM 199 + 0.5% hs + 0.11% NaHCoO; (pool of 60 tubes) 0 300 
29 2 215 
”, 5 115 
<i 6 225 
Control SM 199 + 0.5% hs + 0.11% NaHCO; t — 85 
SM 597 + 2% hs + 0.11% NaHCO; 2 267 
SM 597 + 2% hs + 0.11% NaHCO; (no fluid change) 11 = 
. 14 52 
Control SM 597 + 2% hs + 0.11% NaHCO; t — 388 
SM 597 “wash fluid” + 0.19% NaHCOs;, no hs (4 ml./ 7 195 
tube, pool of 20 tubes), 24 hr. 
After ‘‘wash” with fresh 597 + 0.11% NaHC0O;, no hs, few 8 380 
hours with third fluid 
After “‘wash” with fresh 597 + 0.11% NaHCOs, no hs, i) 590 
1 day with third fluid 
After ‘“‘wash” with fresh 597 + 0.11% NaHCOs, no hs, 13 440 
5 days with third fluid 
After “wash” with fresh 597 + 0.11% NaHCOs, no hs, 14 500 
7 days with third fluid 
Control 597, wash fluid, no hs, + 0.19% NaHCO; t — 60 





*After 11 days’ incubation, stored at 4° C. 
tCorresponding control values deducted from assay results. 


ABBREVIATIONS (TaBLES I-IX): NTCH = normal tissue culture homogenate; SM = 
synthetic medium; TC = tissue culture; IP = inorganic phosphate; hs = horse serum; RTTC 
= roller tube tissue cultures; TASP = total acid soluble phosphorus; CM = contact medium. 


study of the influence of this drug)? showed increase of turbidity, which was 
greatest with the highest concentration of this compound (group 1). This is 
a striking finding and has to be reinvestigated by more exact methods. 

In group 2 the fate of the explant was followed more closely in time. The 
‘turbidity of homogenates decreases for about four to five days; then when 
growth is established it rises again. After washing and a second fluid change 
(eight-day-old tube), the original turbidity is exceeded and in 11- to 14-day-old 
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tubes it is almost doubled or occasionally tripled. The presence of 0.5 to 2% 
horse serum raises the turbidity considerably; therefore the medium controls 
have to be deducted to obtain the real values. With the use of wash fluid 
medium no corrections for horse serum are necessary. 


No significant difference was observed in roller tube cultures with two fluid 
changes and without refreshment of the nutrient. On the other hand there 
was no increase of turbidity value after 11 days in unchanged tubes (group 2). 
Other assays illustrate the day-to-day changes, the eight to nine day cultures 
being taken from the same batch and the 13 to 14 day cultures from another. 
Comparison with similar work (26, 27, 28) shows that 1% frozen whole kidney 
homogenate exhibited a turbidity reading of 375/ml. Surviving fresh rhesus 
kidney cortex gave the following values: 1%, in water = 195/ml., 0.662% = 
35/ml. Klett units. The same concentrations in medium 597 (no horse serum) 
210/ml. and 35/ml. turbidity units respectively. Measurements on con- 
centrated homogenates indicate that there is no strict relationship with 
increase of tissue mass and turbidity. The limitations of this technique were 
pointed out previously (26). 


Phosphatases 


Table II illustrates the presence and behavior of phosphatases. Both the 
acid and alkaline were detected in the two types of tissue culture. Linearity 
of their activity with growth and degeneration was observed in medium 697 
(group 1). The acid phosphomonoesterase was of lower activity in general 
than the alkaline. Deterioration of the former, especially in synthetic medium 
199 after explantation, was an interesting finding (group 2) and conforms to 
similar changes observed previously (26) in contact media, and in kidney 
tissue homogenates (27). 

The alkaline phosphatase did suffer smaller loss and it was interesting to 
see its increase during growth from the fifth day, after a temporary drop. 
The original level, however, was not attained until 14 days. The difference 
between the two enzyme activities was greatest on the second day (five times 
more alkaline monoesterase than acid) with 199. In medium 597 much less 
difference was encountered (only about twice higher alkaline than acid 
phosphatase values). Decrease was observed in long term assays after the 
assays stood at varying temperatures without the addition of new nutrient. 
One freezing and thawing caused about 13% decrease of alkaline phosphatase 
and about 5% increase of acid phosphatase activity of eight-day-old roller 
tube cultures; long incubation at 37° C. or higher did cause excessive losses, 
especially in alkaline phosphatase, perhaps because of pH effect (27). 

Both enzymes were active in medium 697, in agreement with other assays 
(27). In a few assays with the same medium containing various concentra- 
tions of colchicine, change from the normal pattern was observed; namely, 
there was less difference between acid and alkaline phosphatase activity in 
six day culture. At 11 days this change is even more pronounced, showing 
equal activity, instead of threefold difference in favor of the alkaline phos- 
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TABLE II 


PHOSPHATASE IN TISSUE CULTURE HOMOGENATES OF NORMAL MONKEY KIDNEY 








Acid Ph-ase Alkaline Ph-ase 

















Age Measured by increase 
of TC, in IP, ugm./ml. 
NTCH in SM days Incubation Error + 2.5% 
1. Flask cultures of kidney fragments 
697 (synthetic nutrient ) (16) 6 tha 0.10 0.31 
11 5 - 0.80 2.40 
35 - * 0.28 0.94 
138 (697 + colchicine 1ugm./20 ml.) 6 4hr., 39°C. 0.84 1.62 
11 - - 2.7% 2.71 
2. Roller tube tissue cultures of trypsinized kidney cortex 
199 + 0.5% hs + 0.11% NaHCO, 0 £te., 37°C. 1.66 3.86 
2 se - 0.74 3.60 
5 a ” 0.86 2.45 
6 ” . 0.69 2.63 
597 + 2% hs + 0.11% NaHCO; 0 a 1.86 3.17 
(1 : 1600 original cell suspension) 2 - ” 0.42 0.99 
597 + 2% hs + 0.11% NaHCO; 11 8 ° 0.83 1.22 
(without fluid changes) 14 ” = 0.52 0.56 
597 + 0.19% NaHC0O,, no hs, 4 ml. 7 si ss 0.23 0.53 
“wash fluid’’/tube 
597 + 0.11% NaHCO, no hs, second 8 ” ? 1.00 2.18 


fluid change, 2 ml. SM/tube (24 hr. 
with fresh nutrient) 


597 + 0.11% NaHCO;, nohs (7 days 14 ° 3 0.53 0.68 
with fresh SM) 





phatase in the same medium without colchicine. The tests with colchicine 
were carried out at 39°C. Controls without this drug did not differ from the 
normal pattern, although the enzyme activity was greater than at 37° C. 
(group 1). 

The activation of alkaline phosphatase by 199 and activation of lesser degree 
by 597 was observed in short term assays on homogenates or extracts of fresh 
kidney (27). In tissue culture homogenates both enzyme values at 14 days 
in medium 597 remained below those detected in 199 at six days. There was 
no significant difference in activities in the two types of 14-day-old cultures 
(group 2). Other aspects of this question are illustrated in Tables VII, 
VIII, and IX. 
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Nucleotidases 


Typical results of 5-nucleotidase assays were grouped in Table III. This 
specific nucleotidase was demonstrated in both types of tissue culture homo- 
genates. Its increase was observed to be parallel with growth. It was more 
resistant to degeneration than phosphatases and only moderately affected by 
colchicine under the conditions investigated. The low value in 697 + horse 
serum may be due to trypsinization (8, 26) (group 1). In roller tube tissue 
cultures the variation of pentanucleotidase activity was observed. There 
was an initial significant decrease of 5-nucleotidase; later, at five days the 
original values were overpassed and at six days almost doubled. In 597 the 
values were of lower order than with 199, but the general trend to increase 


TABLE III 


PENTANUCLEOTIDASE IN TISSUE CULTURE HOMOGENATES OF NORMAL RHESUS KIDNEY 








5-N T-ase activity 
measured by 








Age Turbidity, increase in IP, 
of Fc. Klett Incubation pgm./ml. 
NTCH in medium days units/ml. pH 8.5 Error + 3% 
1. Flask culture of kidney fragments 
697 (synthetic nutrient) (16) 6 325* ro... Fc. 2.70 
122 (697 + 10% hs) trypsinized kidney 11 1350 Fae Sas 1.33 
fragments 
167 (Earle’s solution +lysine 1 gm./l.) 36 500 eg 8.00 
697 (synthetic nutrient) (16) 58 125 * OF he 2.06 
138 (697 + colchicine 1 ugm./20 ml.) 6 300 24 hr., 39° C. 2.66 
11 675 oa 4.88 





2. Roller tube tissue cultures of trypsinized kidney cortex 





199 + 0.5% hs + 0.11% NaHCO; 0 385 2&., 37°C. 0.56 
1 : 1600 cell suspension, pool 

199 + 0.5% hs + 0.11% NaCHO; 1 335 ss “9 0.26 
1: 1600 cell suspension, pool of 5 210 - = 0.73 
60 tubes 6 310 - = 1.10 

597 + 2% hs + 0.11% NaHCOs, pool 2 550 " 0.36 

597 + 2% hs + 0.11% NaHCO, 11 915 . . 0.33 
no fluid change, pools 14 800 ” = 0.33 

597 “wash fluid’, no hs, + 0.19% 7 255 _ - 0.43 
NaHCO, 4 ml./tube, pool 

RTTC in SM 597 + 0.11% NaHCO, 8 440 a . 0.60 
after 2 fluid changes with third SM, 14 560 " " 1.79 
24 hr., pool 





*SM controls not deducted, original turbidity readings. 
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with established growth was similar and at 14 days the activity was very 
high. The high activator effect of medium 199, and of others on the 
5-nucleotidase of normal kidney “‘brei’’ and of Russel’s viper venom (26) is 
not so manifest in tissue cultures. The enzyme was enhanced by increase in 
temperature. It was striking to see the low values in 11 and 14 day cultures 
without fluid change compared with the values in the regularly treated tubes. 
This is interesting, because this enzyme was regarded as a very resistant 
one (17). 

In Table IV the results of representative assays for simple nucleotidases are 
illustrated. As previously described (25, 26) these non-specific nucleotidases 
are as a rule less intensively active than 5-nucleotidase; there are, however, 
some exceptions, especially in the flask cultures. They are more sensitive to 


TABLE IV 


SIMPLE NUCLEOTIDASE IN TISSUE CULTURE HOMOGENATES OF RHESUS MONKEY KIDNEY* 








S-NT-ase 
measured by 
increase in IP, 
TC age, Incubation pugm./ml. 
NTCH in medium days pH 8.5 Error + 3% 





1. Flask culture of kidney fragments 





697 (synthetic nutrient) (16) 3 - 2A. 2.10 
122 (697 + 10% hs) trypsinized kidney 11 " = No change 
167 (Earle’s solution + lysine 1 gm./I.) 36 = - 2.66 
697 (synthetic nutrient) (16) 58 ” si 0.53 
138 (697 + colchicine 1 ygm./20 ml.) 6 ” si 2.66 
11 - . 4.38 





2. Roller tube tissue cultures of trypsinized kidney cortex 





199 + 0.5% hs + 0.11% NaHCOs, pool 0 pe ag Oe 0.39 
1 “ “ 0.65 
5 “ ““ 0 é 43 
6 “ce “ 0 r 41 
597 + 2% hs + 0.11% NaHCOs;, pool 0 sn - 0.82 
2 ” No change 
597 + 2% hs + 0.11% NaHCOs, no fluid change 11 - sd 0.29 
14 - ™ No change 
597 “wash fluid’’, no hs, + 0.19% NaHCO; (4 ml./ 7 = a 0.03 
tube for 24 hr.), pool 
597 + 0.11% NaHCOs;, second fluid change, 24 8 - - 0.10 
hr. with third fluid, pool 
597 + 0.11% NaHCOs, second fluid change, 6 14 “ se 0.24 


days with third fluid, pool 





*Composition: enzyme: substrate 1:9 in group 1 and 1 : 10 in group 2. 
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changes of temperature and to various other circumstances, such as optimal 
enzyme and substrate ratio and phosphate concentrations. Simple nucleo- 
tidases do not suffer great losses after the explantation of tissue, but they are 
significantly decreased or absent in tubes without refreshment of media and 
are of definitely lower activity in medium 597 than in 199. In colchicine- 
containing synthetic media they behave similarly to the 5-nucleotidase 
(group 1). The lack of activity in the presence of 10% horse serum of 
trypsinized kidney fragments was striking. The cells suffer great losses after 
fluid change, because the supernatant is more rich in these enzymes than the 
tissues. In several other respects simple nucleotidase seems to be definitely 
distinct from 5-nucleotidase (26, 27). 


TABLE V 


RIBONUCLEASE IN TISSUE CULTURE HOMOGENATES OF NORMAL RHESUS MONKEY KIDNEY 








RNA-se* measured by 
increase in TASP, pgm./ml. 

















A .. Error + 6% 
of ‘ 
NTCH in medium days Incubation At pH 5 At pH 7.6 
1. Flask cultures 
697 (synthetic nutrient) (16) 6 3 hr., 46° C. 7.00 9.40 
697 (synthetic nutrient) (16) 26 2 hr., 46° C. 3.75 2.25 
139 (697 + colchicine 0.5 ugm./20 ml.) 6 2 hr., 46°C. 7.00 (6.00) 9.80 (5.20)t 
1 3 “ 4.60 (4.50) 5.20 (5.20) 
140 (697 + colchicine 0.05 ugm./20 ml.) 6 ” . 11.20 10.00 
il ” ” 9.00 8.00 
138 (697 + colchicine 1 ugm./20 ml.) 6 a4 ve 8.00 13.70 
11 " ss 7.20 5.80 
2. Roller tube tissue cultures of trypsinized kidney cortex 
199 + 0.5% hs + 0.11% NaHCO, 0 4hr., 37° C. 13.06 No change 
1 . " 13.72 3.00 
5 ss os 8.33 0.53 
6 ° * 8.16 2.13 
597 + 2% hs + 0.11% NaHCO; 0 i 4 9.20 7.00 
2 = 9 0 0.93 
11 _ S 4.00 3.38 
14 - ” 6.00 0.27 
597 “wash fluid’’, no hs, + 0.19 NaHCOs;, 7 i - 1.06 No change 
24 hr. incubation, 4 ml./tube 
597 after two fluid changes (24 hr. with 8 ” - 1.73 No change 
third fluid + 0.11°% NaHCO,, no hs) 
597 after two fluid changes (6 days with 14 = * 8.80 No change 


third fluid + 0.11% NaHCOs, no hs) 





*Composition was 1:3 in group 1 anf. 1:4, 2:6, and 1:2 in group 2. 
t Values in parentheses are after deep freezing and thawing. 
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Ribonucleases 


Table V groups the most important findings of RNA-se assays in the two 
types of tissue culture homogenates. Two kinds of RNA-ses were generally 
demonstrated; one working optimally at pH 5 and the other around pH 7.6. 
The former was generally of higher activity. A few exceptions were encoun- 
tered owing to the effect of medium (27), especially at pH 5. The acid 
RNA-se was much depressed by colchicine (group 1). This effect increased 
with longer contact. In other types of nutrients the acid nuclease was found 
resistant in general, not suffering so great decrease during the first days of the 
explantation as the “‘alkaline’’ RNA-se. The latter dropped to zero level 
until the 14th day, with significant increase of the former at the same time. 
Medium 199 was less depressing than 597, especially for the acid RNA-se. 
The latter was found inhibitory for crude and crystalline enzyme also (27). 
The different behavior is another proof of the presence of two distinct enzymes 
(37). Freezing diminished the alkaline RNA-se activity considerably, but 
affected the “‘acid’’ nuclease only slightly. The role of horse serum was 
clarified previously (26); so the drop after fluid changes (up to 50%) is due 
partly to the omission of this adjuvant. Otherwise the RNA-ses were fairly 
resistant to degeneration, although there was a drop in activity of the 14 day 
cultures without nutrient change. The cause of this latter finding, however, 
is very complex and still under study. 


Desoxyribonucleases 


DN A-se assays are tabulated in Table VI. It was interesting to detect two 
types of depolymerases, one active in the acid, the other in the alkaline range. 
A sharp drop of activity with degeneration of the culture was illustrated by 
the 11 day values with medium 697. The inhibition by colchicine was seen in 
some flask cultures, which was linear with the concentration of the drug. 
Further, the depression of DNA-se activity was observed in roller tube tissue 
cultures with synthetic media 199 and 597. The values increase linearly 
with growth, after the initial drop lasting about five days. 


The significant increase of DNA-se activity ‘after freezing was striking 
(compare with the values in parentheses), being similar to that in surviving 
normal kidney homogenates (27), or other tissues ( (34) and Table [X). All 
the assays for DNA-se in group 2 were made on frozen tubes. The depression 
of DNA-se in synthetic medium 199 could be explained by the results observed 
in aged tissue homogenates where a very significant drop of DNA-depoly- 
merase, especially the alkaline, was observed as compared to the results 
obtained in water or Tyrode’s solution (27). In contrast to RNA-se a 
considerable increase of acid DNA-se was noted in tissue culture without 
fluid changes, which could be explained by growth and by increase of activators 
in used media, or as in deep frozen tissues, by decrease of inhibitors (4, 34, 37). 
Horse serum did not confer any increase of DNA-se to the tissue cultures. 
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TABLE VI 


DESOXYRIBONUCLEASE IN TISSUE CULTURE HOMOGENATES OF NORMAL RHESUS MONKEY KIDNEY 








DNA-se activity measured by 
% drop of relative viscosity per 

















Age 2 hr. at 30°C. Error + 2% 
of TC, 
NTCH in medium days pH 5 pH 7 
1. Flask culture of kidney fragments 
Tyrode’s solution 11 — 8.7 
697 (synthetic nutrient) (16) 6 9.0 6.5 
11 0.3 0.3 
139 (697 + colchicine 0.5 ygm./20 ml.) 6 4.5 14.6 
11 3.8 0.8 
140 (697 + colchicine 0.05 yugm./20 ml.) 6 4.5 (14.7)* 21.0 (32.3)* 
11 9.0 8.8 
138 (697 + colchicine 1 ugm./20 ml.) 6 5.6 17.0 
11 6.0 6.0 
2. Roller tube tissue cultures of trypsinized kidney cortex 
199 + 0.5% hs + 0.11% NaHCO; 0 8.9 0.8 
1 5.3 2.2 
5 1.6 1.4 
6 a3 2.7 
597 + 2% hs + 0.11% NaHCO, 0 4.7 5.6 
2 4.7 1.4 
597 + 2%hs + 0.11% NaHCOs, no fluidchange 11 21.0 1.4 
14 P< | 3.6 
597, no hs, + 0.19% NaHCOs, ‘“‘wash”’ 7 3.7 ‘3 
597, no hs, + 0.11% NaHC0Os, third fluid 8 4.7 0.6 
14 ye 2.9 





*Values in parentheses are after deep freezing and thawing. 


Influence of Trypsinization 

Table VII illustrates the loss in enzymes during 
(8, 26). There is a difference in sensitivity of th 
may depend on various factors. It can be conclud 


the trypsinization process 
e€ various enzymes, which 
ed that in general there is 


a drop in enzyme activities. The greatest loss was observed in DNA-se, 
which is known to be very sensitive toward proteolytic enzymes (32), but the 


5-nucleotidase suffered also a similar loss; the sim 


ple nucleotidase was more 


resistant in this respect than the pentanucleotidase. The most resistant 
enzyme to trypsin treatment was the alkaline phosphatase and RNA-se. It 
is interesting to compare the amount of the enzymes in supernatant fluids and 
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whole homogenates. Higher activities in the supernatant than in homogenates 
were found for acid phosphatase, alkaline RNA-se, and acid DNA-se; about 
equal activity was detected for alkaline phosphatase, acid RNA-se and acid 
DNA-se. Nucleotidase activities were higher in the homogenate than in 
supernatant, in agreement with previous findings (26). 

The effect of two different media on trypsinized cells is strikingly illustrated 
in Table VII; the enzyme activities in 597 are all less than in 199 except for 
acid RNA-se and 5-nucleotidase. The acid phosphatase, alkaline DNA-se, 
RNA-se, and simple nucleotidase in homogenates were strongly inhibited, the 
alkaline phosphatase less intensively. Pentanucleotidase on the other hand 
was more strongly activated by 199 than by 597. These are interesting 
observations, which merit further study. The higher horse serum concentra- 
tion may cause differences in the case of some enzymes. Naturally the 
decrease of enzyme activities may be due not only to digestion, but to the 
washing off or elution inherent in the process (8). 


Synopsis of the Results 


Table VIII summarizes the information described previously (26) together 
with findings reported in this paper and gives quantitatively the enzyme 
losses during fluid changes. The partition of enzymes between the fluids and 
the tissue is illustrated in parallel assays on supernatant (contact media) and 
on whole homogenates in a few assays. Other experiments illustrate separately 
the activities in the fluid, tissue residue homogenized with fresh medium, and 
whole homogenate with its original fluid. Tubes with wash fluid were also 
assayed, together with 11- to 14-days-old cultures with and without replace- 
ment of the nutrient. A few typical examples are given in group 1. The 
incomplete medium after five days’ incubation exhibits overwhelming activities 
compared with the 11-day-old tissue culture homogenate. There is definite 
improvement in this respect with the more complete synthetic nutrient 697 
(15), but the supernatant still is very active. This points to high cell destruc- 
tion in the former (2). The situation is improved in some respects with the 
more complex 199 and 597. Here the question is simplified because the 
preceding trypsinization removes much material and already reduces some 
enzyme levels in the supernatant and in the tissues also. It is interesting to 
see that acid phosphatase goes into the fluid in higher proportion than alkaline. 
It may be concluded in general that for work with acid phosphatases and 
nucleases the supernatant fluid gives higher values. For nucleotidases and 
alkaline phosphatase whole homogenate is preferable. The difference may be 
due to the influence of another factor also, namely the solubility of the inhibitor 
complex associated with the enzyme molecules may be different. If so, one 
could assume that in some fluids there are fewer inhibitors (4, 37); in contrast 
with this the whole homogenates contain them in their original or in slightly 
altered form. Finally, we could see in this table quantitatively that all the 
fluid changes mean that the tissues are depleted of enzymes; further, as 
compared to the values in homogenates, after replacement of the medium a 
definite drop can be observed. ‘Regularly treated 14-day-old tubes exhibit 
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about the same activity in fluids or whole homogenates in general, which 
facilitates the work, making time-consuming homogenation unnecessary. 
Choline esterase, xanthine oxidase, and nucleoside-phosphorylase were also 
detected in tissue cultures but their description is out of the scope of this paper. 

Finally, mention should be made of assays in monkey subcutaneous con- 
nective tissue cultivated in a complex nutrient mixture® (Table IX). This 
single experiment is included as an example of another type of medium and 
tissue and compared with fresh kidney homogenate. Intense activities were 
found, and both supernatant and homogenates were active. The high values 
may be due to the non-synthetic nutrient mixture, which alone also showed 
high turbidity, but was not assayed for its own enzyme activities. 


Discussion 


The study of enzymes in tissue culture may reveal information as to the 
biodynamic state of tissue cultures. Although no attempts were made to 
control survival of cells by exact cytological technique in this routine material, 
many important observations were made. The turbidimetric measurements 
suggest satisfactory growth in the majority of explants. Linear increase of 
enzymes with increase of tissue mass and rapid drop of enzyme activities in 
degenerating cells or in tubes without regular refreshment of the nutrients was 
encountered, suggesting that cell degeneration, autolysis, and other factors 
may alter the enzyme activities in the explant. 

The factors causing the differences between the two main types of tissue 
culture as regards enzyme activities were discussed previously (26). The 
overwhelmingly higher values in the supernatant of some incomplete media 
after incubation in comparison with the tissue culture homogenate in fresh 
medium may be due to cell destruction (2). With more complete media this 
disproportion diminishes or vanishes, but the findings indicate that there are 
large individual differences in diffusion of the various enzyme systems into 
the different media. This means that cell destruction alone does not explain 
the liberation of enzymes into the nutrient fluids, which should be regarded as 
a physiological phenomenon in tissue cultures exhibiting satisfactory growth. 

The linearity of enzyme levels in relation to cell multiplication means that 
the enzymes are synthesized in the rate demanded by cell functions. Not 
only are the biocatalysts produced in the same order, but the natural inhibitors 
and activators prepared by the cells influence the kinetics of the enzymes and 
assure the equilibrium between the various systems. Freezing, dilution, 
metabolism of nutrients, accumulation of toxic metabolites may influence 
these cofactors considerably. 

The depression of certain enzyme activities and the enhancing of others is 
one of the most interesting properties of the chemically defined nutrient 
mixtures observed during these studies. By this differential inhibition and 
activation, we have seen some enzyme activities reduced to zero level and 


®Containing 45% horse serum and 2.5% chick embryo extract in balanced salt solution. Courtesy 
of G. M. Healy, Connaught Medical Research Laboratories, University of Toronto. 
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others enhanced, in spite of continued multiplication of the cells. This specific 
effect of various media was investigated with the aid of surviving kidney 
homogenates or extracts and of purified enzymes (27). The original observa- 
tion made on tissue cultures was confirmed and other studies are in progress 
to identify the components of the nutrient fluids affecting the enzyme 
systems (28). 

The practical application of these results could be manifold. In planning 
the compositions of the synthetic media the effect of ingredients on enzyme 
kinetics must be taken into account. Synthetic material must be used 
exclusively for this type of work. With inclusion of substances of specific 
activity, the role of enzymes in various cell functions, the mechanism or the 
direction of their synthesis, and adaptive enzyme formation (13) could be 
studied on mammalian cells in vitro. For instance, the antimitotic activity 
of colchicine could be interpreted in the light of our findings through the 
differential inhibition of the two types of phosphatase (40) and nucleases 
(3, 40). 

Similarly the cytochemical localization of enzymes could be studied in well 
controlled explants. The site of DNA-se activity within the cells is still under 
discussion (41, 40). RNA-ses seem to be present in the mitochondria (37) 
and 5-nucleotidase in the nuclei of kidney epithelial cells (33). Our observa- 
tions that acid phosphatase and the nucleases enter very easily into the fluid 
nutrient may mean not only difference in solubility depending on chemical 
structure, but difference in the cytological localization, which facilitates access 
to the medium. In contrast to this, pentanucleotidases and alkaline phos- 
phatases enter more sparingly into the fluid, in conformity to their localization 
in the cell nuclei. This fact may be used as a measure of the cell survival 
in vitro—namely, good growth is paralleled by less pentanucleotidase activity 
in the supernatant, disintegration of cells en masse showing the opposite of 
this (26). It remains to be decided if the enzymes in the supernatant fluid 
facilitate in some way the metabolism of nutrient substances or have absolutely 
no effect on this nor on other processes. 

The partition of enzymes between fluids and cells was another main problem 
which was extensively studied in this work. In agreement with previous 
findings (26) a great loss of enzymes was encountered during trypsinization, 
and the first fluid change, followed by smaller but definite losses with the 
consecutive washing and nutrient changes. Asa consequence of this, generally 
much lower values were found in the whole homogenates or the tissue residue 
following the replacement of the media. The replenishing of the enzyme 
stock takes time, involving full-scale synthetic processes and special needs of 
the cells: the consequence is an altered functional state which may render the cells 
susceptible to virus infection (26) and capable of virus production. 

Some additional direct and indirect evidence may be quoted in favor of this 
working hypothesis. The experimental finding that infection through intra- 
testicular inoculation of monkeys with polio virus fails in general (9), but the 
same tissue im vitro supports polio virus growth (29), could be explained by 
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the above depletion theory. Overexertion, and stress are predisposing factors 
for clinical poliomyelitis (42), presumably because overwork depletes the 
neurons of very important proteins and nucleoproteins (18, 21) and of enzymes 
(22). Further uniformly lowered enzyme levels were demonstrated in tumors, 
in general (14) compared to the highly variable activities of normal tissues. 
Without forcing the depletion theory as a link between virology and 
tumorology, we cite the experience with Hela cells (38) as an example of 
altered, lowered cell function and susceptibility to virus infection or ability 
to produce virus. Finally, unpublished observations’ suggest that infection 
of fresh kidney fragments with poliomyelitis virus in vitro results in low titers, 
if any, whereas a few days standing renders this attempt successful. The fate 
of tissues in this respect is decided in the preparative phase. The above findings 
help to explain the susceptibility of non-neural tissues to various strains of 
poliomyelitis viruses in vitro, which tissues otherwise are not specially sensitive 
to the direct attack of the virus in vivo. The clinical and experimental 
disease is neurological predominantly, but modified non-neural cells in vitro 
may be rendered susceptible by the procedures of cultivation. Furthermore, 
it seems that the normal growth of the explant is of secondary importance 
from the point of view of virus production; as long as some living and 
surviving cells are present there is enough raw material (2) available, but the 
necessary enzyme functions must go on in some special way (28). 


Conclusions 


A variety of enzymes were detected in tissue cultures. Their levels in the 
explanted cells undergo great fluctuation depending on the procedures and on 
the biodynamic state of the tissues. Large amounts of the enzymes enter into 
the fluid medium and are evacuated during change of the nutrients. This 
fact may have important bearing on cell physiology and pathology. The 
partition of enzymes between supernatant and whole homogenate in 14-day- 
old roller tube cultures is about equal; therefore the use of culture fluids rather 
than cell homogenates is justifiable for the study of enzyme activities and will 
not distort the results. Freezing can be used for fixing the cells at a definite 
age, but the effect of low temperature (— 25° C.) has to be taken into account 
for each enzyme system. Inhibition of some enzyme systems and enhancing 
of others was observed in various synthetic nutrient mixtures. This property 
has great potentialities for further research and sheds light on interesting 
relationships. The findings described emphasize the importance of 
enzymology as a tool for functional investigations in tissue cultures. 
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COMPARATIVE BIOCHEMICAL STUDIES ON NORMAL AND ON 
POLIOMYELITIS INFECTED TISSUE CULTURES 


Ill. ENZYME ASSAYS ON HOMOGENATES OF SURVIVING NORMAL RHESUS 
KIDNEY. EFFECT OF SYNTHETIC NUTRIENT MIXTURES! 


By ERNEsT Kovacs 


Abstract 


Investigation of enzyme systems in normal tissues is the main subject of this 
communication. The activity of phosphatases, nucleotidases, and nucleases was 
explored in “‘brei”’ prepared with water, physiological salt mixtures, and synthetic 
media used for tissue cultivation, to compare the influence of these diluents. 
The depression of acid phosphatase by medium 597, noted previously in cells 
growing in vitro, was confirmed in fresh tissue and definitely proved on purified 
enzyme. Alkaline phosphatase was activated by the same synthetic medium. 
Differences in kinetics were observed when the effect of medium 597 was 
examined on 5-nucleotidase concentrate of Russel’s viper venom and on penta- 
nucleotidase of fresh kidney. Crystalline RNA-se was inhibited, in a manner 
similar to the nucleases of kidney extracts. Both phosphomonoesterases were 
enhanced by the less complex nutrient 697. The deterioration of DNA-se in 
medium 199 upon storage was striking. Significant observations were gathered 
on enzymes of concentrated and very diluted (1 : 1600) tissue homogenates, on 
extracts, and on isolated enzymes of various grades of purity. 


Introduction 


In a systematic search for the conditions of virus growth and its effect on 
the host cell, detailed knowledge of the normal tissues is of prime importance. 
The routine use of monkey kidney for in vitro cultivation of poliomyelitis viruses 
in synthetic media (23) may assure general interest in the present work. 
The activity of many enzymes had previously been described in used nutrients 
after incubation with cells growing in vitro (11) or in homogenates of normal 
kidney tissue cultures (12). The relationship between these findings and the 
susceptibility of cultivated cells to infection with poliomyelitis virus was 
also discussed. 

In the present study enzyme activities in fresh or freshly frozen kidney have 
been investigated. The tissues homogenized in chemically defined nutrients 
and in simple diluents served for enzyme material. High dilution assays, 
simulating the kidney cell cultures in roller tubes with regard to the amount 
of tissue and medium, were carried out. This was done in order to get inform- 
ation on enzyme activities of the original surviving tissues. By these 
methods the specific action of synthetic media on the kinetics of various 
biocatalysts was revealed and definitely proved. Normal monkey kidney 
homogenates in synthetic nutrient mixtures may be compared with homogen- 
ates of cultivated cells of the same organ to study eventual biochemical 
modifications of the explant during cultivation. 


1 Manuscript recetved December 1, 1955. , a as 
Contribution from the Department of Hygiene and Preventive Medicine, University of Toronto, 
Toronto, Ont. This work was supported by a Public Health Grant. 
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Materials and Methods 


The turbidimetric method of Loomey et a/. (14) was used as before (11, 12, 
13) to obtain quick information on the tissue mass. For the determination of 
inorganic phosphorus (IP) Fiske and Subbarow's method (3), and for total 
acid soluble phosphorus King’s method (9), were used. For the detection of 
enzymes the same procedures were adopted as in the work referred to above 
(11, 12) to ensure the continuity and comparability of these studies. Com- 
position of systems and reference to the techniques are also given in the tables. 
Rhesus monkey kidney was used in the fresh or frozen state. After thawing, 
decapsulation, dissection, and mincing it was homogenized in the Waring 
Blendor with distilled water, salt solutions, or synthetic mixtures, then 
extracted by centrifugation. Kidney tissue from 2-10 animals was pooled in 
diluent at 4° C. To avoid deterioration by heat, it was ground for 30 sec. 
at a time in a Waring Blendor refrigerated with ice. The homogenates were 
used in the fresh state, or held at 4° C. for the time indicated in the tables. 
Extraction was done by centrifugation of the homogenates at 3000 r.p.m. for 
10 to 30 min. and the supernatant employed. The following synthetic media 
were assayed: 199 (16), 597,2 635, and 697 (7), 858 (8).5 Medium 136 
consisted of Earle’s solution containing 100 mgm./liter glycine with 15 
mgm./liter of phenol red as indicator,s and contained antibiotics as 
preservative. 

The essential difference between these synthetic media is in the quality and 
quantity of ingredients and in the balanced salt solution. Medium 597? is 
a modified form of 199, without purines, pyrimidines, and pentoses, and has 
been in use since the end of July 1955. Similarly the synthetic nutrient 697 
is a less complete form of medium 199. It does not contain NA or its 
derivatives, but does contain a porcine liver coenzyme concentrate. Synthetic 
nutrient 635 is less complex than 697. On the other hand, SM 858 is the 
most complete synthetic nutrient known till now (8), containing more 
cofactors than the ones above. The exact composition of the majority of 
media is available in the references. 


The surviving normal rhesus monkey kidneys were obtained from nembttal- 
anesthetized animals after nephrectomy.® No histological criterion of 
normalcy was applied, only macroscopic inspection and dissection were carried 
out. All the kidneys were immersed routinely in medium 199 (later in 597) 
right after the operation. If diluents other than 199 or 597 were used for 
preparation of homogenates, the minced pools were washed quickly with 
sterile distilled water, and the rinse was decanted two to three times to free 
the ‘tissues from these solutions. If the kidneys were not aseptically handled, 
they were bathed rapidly in ether and immediately rinsed with sterile water 

*Recommended by Dr. R. C. Parker and introduced by Dr. G. H. Macmorine (unpublished). 
Dr. Macmorine's kind co- “oe 3 in sup pion this medium to us is gratefully acknowledged. 


*Kindly su — by Dr. E. Franklin, Dr. D. R. E. McLeod, and G. M. Healy of the 


Connaught Medical | hail Laboratories, University of Toronto. 


‘Used in unpublished virus assays of Dr. A. E. Franklin. 
‘Courtesy of Dr. D. R. E. McLeod. 
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and then decapsulated. Highly diluted homogenates were prepared directly 
or prepared from the concentrated homogenates by dilution with the original 
fluid. In all the experiments recorded, duplicate or triplicate assays were 
made on pools of kidneys and the mean results were calculated. The 
maximum of experimental error between two determinations was 4% in IP 
measurements, 8% with the TASP technique, and 2% in viscosimetry. The 
mean error is recorded in the tables (2). 


Results 


Data on typical experiments are grouped in five tables and in five figures. 
To illustrate in more detail the large amount of assay material we have tried 
to give a synopsis of the results and have included references in the text to 
experiments which for brevity were not included in the tables. 


Phosphatases 


The non-specific acid and alkaline phosphomonoesterases are shown in 
Table I. The correlation with the amount of tissue as controlled by turbidi- 
metry was not strictly linear: a 10-fold increase in quantity of kidney 
homogenate in water caused about fivefold increase in acid phosphatase and 
approximately twofold increase in alkaline phosphatase activity. As a rule 
alkaline phosphatase was more active than acid phosphatase in fresh whole 
homogenates (group A). Differences were observed when synthetic mixtures were 
used instead of water. The most striking feature was the depression of acid 
phosphatase activity (about 50%) in whole tissue homogenates with medium 
199. In assays having a long incubation time, this finding was more pro- 
nounced: on the other hand, in aged homogenates a further decrease of acid 
phosphatase activity was observed. With Tyrode’s solution and especially 
with medium 199 the complete suppression of the enzyme was noted in 
experiments with long incubation times. The very complex medium 858 
behaved in a similar fashion. It was interesting to see the difference in this 
respect between 199 and the media which do not contain NA or its derivatives 
(635 and 697). Medium 697 is more complex than 635 (7), but caused less 
inhibition. 

The two balanced salt solutions did not behave uniformly: Tyrode's 
mixture depressed the acid phosphatase of kidney homogenates slightly with 
smaller amounts, but activated it with large amounts of tissue but in both 
cases it activated the alkaline phosphatase considerably (group A). Earle’s 
solution depressed the acid monoesterase strongly and the alkaline only slightly. 
The marked inhibitory properties of medium 858 were overcome by a long 
term incubation. This was not the case with Earle’s solution and medium 
199, so the inhibition with mixture 858 may not be due to salts but to some 
labile substances which are split or metabolized during longer contact. A 
slight increase of activity in the acid was observed after one freezing and 
thawing, and a slight decrease in alkaline phosphatase of whole homogenates. 
The latter was activated by salt and by medium 199 (without horse serum) in 
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fresh homogenates, and was inhibited by 597 and 858. It was strongly 
depressed by 635 and 697 (more by the latter). Earle’s solution behaved 
much as water did in this respect. In aged homogenates less deterioration 
was observed with water, somewhat more with Tyrode’s solution (group B). 

The concentration and composition of the dilute homogenate was very 
similar to the original cell suspensions (1 part tissue: 1600 parts medium) in 
roller tube tissue culture (11). For comparison, results of experiments with 
whole kidney and cortex homogenates have been tabulated (group C). Cortex 
generally showed higher alkaline phosphatase values in fresh homogenates 
with water. It is interesting how medium 597 (especially with horse serum), 
or physiological saline enhanced the activity in these diluted cortex 
homogenates. 


A. Effect of Tissue Concentration and Storage 

Table II shows some assays with very small amounts of tissue (0.062 to 
1.24 mgm.) in water and in medium 597. As we see in this group the extreme 
dilution of kidney cortex does not give uniform results. It was striking that 
acid phosphatase activity was higher during experiments of short incubation 
and only trace activities were noted for alkaline phosphatase. When the 
amount of homogenate and the time of incubation were doubled, the activities 
became higher and the two types of homogenate then gave equal values for 
both enzymes. After a few days storage at 4° C. and with larger amount of 
kidney cortex, the alkaline phosphatase was more active than the acid (3 : 1). 
Further storage caused great loss of activity in the alkaline enzymes in water, 
less in medium 597, but progressive deterioration of the acid phosphatase in 


TABLE II 


EFFECT OF VARIATION OF TISSUE CONCENTRATION, AND STORAGE, ON DILUTE FRESH 
KIDNEY HOMOGENATES IN WATER AND IN SYNTHETIC MEDIUM 597* 








Acid Ph-aset Alkaline Ph-aset 
Increase in IP of system, ugm./ml. 














At pH 5 At pH 10.9 
Enzyme: substrate 
(hemog. in ml.: 4 hr. 1 hr. $ hr. 1 hr. 
Enzyme material substrate in ml.) incub. incub. incub. incub. 
Fresh kidney cortex (pool of 4 kidneys) 0.062% 0.2:8 0.13 0.15 0.06 0.20 
homog. in water 
Same in medium 597 0.29 0.15 0.20 0.20 
Same in water 0.1:9 0.11 0.10 0.05 0.05 
Same in medium 597 a 0.08 0.05 0 0.02 
Three days’ storage of homogenates at 4° C. 
Same in water 2:8 0.24 _ 0.72 — 
Same in medium 597 ™ 0.27 _ 0.67 _ 
Same in water 1:9 0.16 _ 0.34 —_ 
Same in medium 597 = 0.13 _ 0.30 — 
Four days’ storage of homogenates at 4° C. 
Same in water 2:8 0.37 _ 0.24 —_ 
Same in medium 597 - 0.08 _— 0.36 _— 





*No horse serum added. 
tTechniques of Shinowara et al. (20). Incubation, 30 min. at 37° C. with preheated substrate. 
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the latter. Because no clear-cut results were obtained at this high dilution, 
concentrated homogenates were also assayed. Ten per cent cortex homogenate 
was prepared in water, medium 597, 697, and 858 from a pool of 20 kidneys 
(not tabulated). The alkaline phosphatase activity of these suspensions was 
always of a higher order, except in medium 858 where the reverse was true. 
Acid phosphatase activity was greatest in water, least in the most complex 858, 
and less inhibited by the less complex medium 697. On the other hand all 
synthetic mixtures enhanced the alkaline phosphatase, in decreasing order 858, 
697, and 597, as compared with the lowest activity encountered in homo- 
genate with water. 


B. Effect of Synthetic Nutrient Mixtures on Purified Enzymes 

The diagrams illustrate the specific effect of synthetic media on kidney 
extracts and on purified enzymes. Fig. 1 shows lower acid phosphatase 
activity in 10% extract of monkey kidney with medium 597 than with water. 
The assays with purified (plant) acid phosphatase exhibit a sharp drop of 
activity upon addition of a small amount of 597 and prove definitely that this 
inhibition is due to the effect of the medium added. Fig. 2 presents assay 
results with medium 697 which activated both the crude acid phosphatase of 
monkey kidney homogenate and purified alkaline phosphatase, under the 
conditions of these experiments. Similar activation of two types of alkaline 
phosphatases was observed with medium 597 and is shown in Fig. 3. 


Nucleotidases 


Table III illustrates the activity of some monoesterases concerned with the 
dephosphorylation of mononucleotides. The bond-specific 5-nucleotidase was 
usually more active and was enhanced by medium 199 (fourfold), and by 
Earle’s solution, and inhibited by 597 and others, especially during longer 
periods of incubation. Medium 199 and Earle’s salt mixture activated the 
simple nucleotidases even more (sixfold); other synthetic media inhibited 
strongly. The general pattern changed only rarely, as for instance with 
medium 635 where the reverse was observed. This may be explained by the 
qualitative differences between this medium and the closely related 697. 
The sparing effect of Tyrode’s solution and of 199 upon standing is an interest- 
ing feature, which is, however, more accentuated in the pentanucleotidase 
series. The highest activity in the dilute homogenates was exhibited with 
medium 858, Earle’s solution, and medium 597. Much less activity was 
found in the simple nucleotidase series in general, with the exception of cortex 
in medium 597 plus horse serum, where equal values were detected for these 
two enzyme systems. The amount of tissue was halved (0.62 mgm.) in these 
assays to have the optimal enzyme—substrate ratio of 1:10 in the simple 
NT-ase series. The addition of horse serum increased the simple NT-ase 
activity. However, with larger volume of kidney cortex homogenate less 
activity was found: thus the results are comparable in spite of the 2 : 6 
composition used for the 5-nucleotidase assays (Table III, group C). 
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Effect of Time of Incubation on Enzyme Activity 

Short incubation (30 min. at 37° C., not tabulated assays) of 10% cortex 
homogenate gave much information about the kinetics of the two types of 
enzymes. Simple nucleotidases were more active than pentanucleotidases—a 
finding that is explained by the simultaneous attack of various non-specific 
phosphatases on the substrate of the simple nucleotidases and the absence of 
a lag period (11, 12). If the time of incubation was increased, the penta- 
nucleotidase became gradually more active than the simple nucleotidase. In 
medium 597 equal values were observed for both enzymes during 30 min. 
experiments. Medium 858 was the strongest activator of simple nucleotidases, 
followed by medium 697. The effect of the same media in pentanucleotidases 
is less enhancing. The highest activation of the latter was observed with 
medium 597: the paradoxal behavior of this enzyme in kidney extracts 
(Fig. 4) cannot be explained at this time. 
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Other experiments should be mentioned here to shed light on some other 
properties of these biocatalysts. With the use of centrifuged supernatant 
of 10% whole kidney homogenates the pattern conformed with the general 
observation, namely higher activity for 5-nucleotidase and higher activity for 
synthetic mixtures, but no significant difference between extracts in Tyrode's 
solution and synthetic medium 199. Evidently the presence of other tissue 
components or liberation of structurally bound enzymes (11, 12) is necessary 
for the strong activation by medium 199, in kidney homogenates (experiments 
not tabulated). 

Fig. 4 illustrates the complexity of the enzyme kinetics. Medium 597 
activated the pentanucleotidase of dried snake venom but at the same time 
inhibited the 5-nucleotidase in tissue extract. This depressive effect decreased 
with increasing concentration of the medium, evidently because of some other 
component which activates 5-nucleotidase. 


Ribonucleases 
Table IV presents typical results of assays for ribonuclease (RNA-se) in 
normal kidney homogenate. Two different enzymes were demonstrated 


(19, 11, 12), one having pH optimum at about 5 and the other around pH 7.6. 
The former has been found more active in frozen monkey kidney homo- 
genates and the latter in fresh material during short periods of incubation. 





Fic. 1. Effect of synthetic medium 597 on purified plant acid phosphatase and on acid 
phosphatase of 10% fresh kidney cortex extracts (pool of 20 organs). 

1. Ten per cent fresh kidney cortex extract in water (turbidity 1280), 0.4 ml. + distilled 
water, 0.6 ml. + Na-glycerophosphate, acid substrate (pH 5), 9 ml., preheated. 
Precipitation after 30 min. incubation at 37° C. (20). 

2. Ten per cent extract in medium 597 (turbidity 1395), 0.4 ml. + distilled water, 
0.6 ml. + acid substrate (pH 5), 9 ml., etc. 

3. Purified plant acid phosphatase® in water, 1 ml. (0.2 mgm. dry weight) + distilled 
water, 0.4 ml. + acid substrate (pH 5), 9 ml., etc. 

4. Same, + 0.4 ml. medium 597 instead of distilled water, etc. 


Fic. 2. Effect of synthetic medium 697 (7) on the alkaline phosphatase of 5% fresh 
kidney homogenate, in water, and on purified mammalian alkaline phosphatase.*® 

1. Five per cent whole kidney row ge in water, 0.3 ml. + distilled water, 0.7 ml. 
Na-glycerophosphate acid substrate (pH 5). Incubation-one hour at 37°C. Precipitation 
etc. (20). 

2. Same + distilled water, 0.4 ml. + medium 697, 0.3 ml., etc. 

3. Purified alkaline phosphatase in water, 0.3 ml. (33 ugm. dry weight)*® + distilled 
water, 0.7 ml. + Na-glycerophosphate, alkaline substrate (pH 10.9), 9 ml., etc. 

4. Same + medium 697, 0.3 ml. + distilled water, 0.4 ml., etc. 


Fic. 3. Effect of synthetic medium 597 on alkaline phosphatase. 


1. Ten per cent fresh kidney cortex extract in water, 0.2 ml., + distilled water, 0.8 ml. 
+ alkaline substrate (pH 10.9), 9 ml., preheated. Incubation 30 min. at 37° C., precipita- 
tion, etc. (20). 

2. Same + medium 597, 0.4 ml. + distilled water, 0.4 ml., etc. 

3. Purified alkaline phosphatase,® in water, 1 ml. (200 ugm. dry weight) + 0.4 ml. 

- distilled water + Na-glycerophosphate, alkaline substrate (pH 10.9), 9 ml. Preheated. 

Incubation 30 min. at 37° C., etc. 

4. Same + 0.4 ml. medium 597, etc. 


®Supplied by Nutritional Biochemical Corporation, Cleveland, Ohio, U.S.A. 
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Activation by Tyrode's solution and by medium 199 was observed with 
both types of RNA-se. Freezing diminished the alkaline nuclease activity 
considerably. However, these results suggest that in contrast to phosphatases, 
but similarly to 5-nucleotidases, very short incubation is not suitable with 
unpurified RNA-se, but a long period is also unnecessary, because, as 
suggested by the work of Greenstein et al. (5), most of the reaction is 
completed in about four hours. Similarly the depression observed with 
synthetic mixture 597, and Earle’s solution, during short incubation time in 
alkaline range was gradually overcome with longer incubation. This fact, 
together with relative and sometimes absolute increase in activity with 


progressive dilutions, points to some natural inhibitor system associated with 
the RNA-se (19). 
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Fic. 4. Effect of medium 597 on pentanucleotidase. 


1. Concentrate of 5-nucleotidase (dry Russel’s viper venom)’ in water, 0.2 ml. (40 
pgm., dry weight) + 0.1% MgSO,, 1.8 ml. + 0.1% muscle—adenylic acid in veronal — 
ee an 4 ml. + distilled water, 0.4 ml. Preheated. Incubation 30 min. 
at 37° C., etc. (11). 


2. Same + 0.4 medium 597. 


3. Ten per cent kidney extract in water, 0.2 ml. + distilled water, 1.8 ml. + 0.1% 
muscle — adenylic acid in veronal-acetate buffer, pH 8.5, 8 ml. Preheated. Incubation 
30 min. at 37° C., etc. 


4. Same + medium 597, 1.8 ml. instead of water, etc. 
5. Same + medium 597, 0.8 ml., etc. 


Fic. 5. Effect of medium 597 on two types of ribonuclease. 


1. Ten per cent fresh kidney cortex extract in water, 1 ml. + 0.1% PNA in acetate 
buffer, pH 5, 2 ml. + distilled water, 1 ml. Preheated. Incubation one hour at 37° C. 
Precipitation, etc. (11). 


2. Same + 10% fresh kidney cortex extract in medium 597, 1 ml., etc. 


3. Ten per cent fresh kidney cortex extract in water, 1 ml. + 0.1% PNA, 2 ml., in 
borate buffer, pH 7.6 + distilled water, 1 ml., etc. 


4. Same + 10% fresh kidney cortex extract in medium 597, etc. 


5. Crystalline RNA-se of pancreas,® 0.02%, in water, 1 ml. + 0.1% PNA in borate 
buffer pH 7.6, 2 ml. + distilled water, 1 ml. Preheated. Incubation 30 min. at 37° C. 
Precipitation, etc. 


6. Same + medium 597 instead of water, etc. 
TCourtesy of the Haffkine Institute, Bombay, India. 
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TABLE IV 


RIBONUCLEASE IN NMKH 








; Increase in TASP of system, ugm./ml. 
Amount of tissue, 


Enzyme material ml. and wet wt. Incubation pH § pH 7.6 








A. Assays with concentrated homogenates 











10% fresh NMKH in water 1 mi. 30 min., 37° C. 5.88 10.28 
100 mgm. 
10% fresh NMKH in Tyrode sol. 1 mi. 30 min., 37° C. 8.95 12.42 
100 mgm. 
10% fresh NMKH in SM 199 1 mi. 30 min., 37° C. 8.40 16.15 
100 mgm. 
10% frozen NMKH in water 1 mi. 30 min., 37° C. 6.32 No activity 
100 mgm. 
- - ” 0.2 mi. 16 hr., 37°C. 12.16 4.64 
20 mgm. 
10% frozen NMKH in SM 199, 0.19% 1 mi. 30 min., 37° C. 4.64 1.39 
NaHCOs (no horse serum) 100 mgm. 
2 = 0.2 mi. 16 hr., 37° C. 8.90 6.12 
20 mgm. 
10% frozen NMKH in SM 858 1 mi. 30 min., 37° C. 3.83 0.64 
100 mgm. 
” = ° ml. 16 hr., 37° C. 5.74 6.72 
20 mgm. 
10% frozen NMKH in Earle's sol. 0.2 mi. 4 hr., 37°C. 3.74 1.61 
20 mgm. 
B. Assays with diluted homogenates 
0.062% frozen NMKH in water 1 ml. 4 hr., 37° C. 6.00 1.30 
0.62 mgm. 
0.062% frozen NMKH in phys. NaCl 1 ml. 4 hr., 37°C. 7.13 1.26 
0.62 mgm. 
0.062% frozen cortex in water 1 ml. 4 hr., 37°C. 7.40 1.14 
0.62 mgm. 
0.062 % frozen cortex in phys. NaCl 1 mil. 4 hr., 37°C. 6.46 1.00 
0.62 mgm. 
0.062% fresh cortex in SM 597 (with 1 ml. 4 hr., 37°C. 14.66 14.00 
2% horse serum, 0.19% NaHCOs) 0.62 mgm. 





ComposiTIon: 0.2 to 2 ml. of NMKH + 2 to 6 mil. of 0.1% purified RNA; activity measured 
by the TASP technique (10, 11, 19). 


Effect of Dilution 

The increase of activity of the acid enzyme at extreme dilutions was 
considerably higher than that of the alkaline under identical circumstances. 
Cortex and whole kidney homogenate (group B) exhibited approximately the 
same activity, but the RNA-se in acid milieu always displayed significantly 
higher values. Fresh kidney cortex (0.062%) in medium 597 plus horse serum 
was the most active of all, without difference between acid and alkaline 
RNA-se values. This finding may be due not only to the dilution effect, but 
to the addition of non-inactivated horse serum (11). 


Some assays on the distribution of nuclease activity in the homogenates 
should be recorded at this place (not tabulated). The supernatant fluid of 
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kidney homogenate in Tyrode's solution and in 597 exhibited higher RNA-se 
values, compared to the sediment, at pH 5. At 7.6 the reverse was true, 
confirming again the diversity of the two enzyme systems and different cyto- 
logical localization (19). Experiments at high temperature demonstrated a 
better protection of RNA-se by physiological NaCl, compared to homogenates 
in synthetic mixture 136 (Tyrode’s solution + cysteine*), or water. Higher 
dilution (0.38%) was relatively more active in one hour incubations at 56° C., 
in agreement with other findings discussed above. 

Assays with crystalline RNA-se of pancreas at pH 7.6 showed very good 
activity (26.4 ugm./ml. TASP increase in 30 min. at 37° C.), as presented in 
Fig. 5. Upon addition of medium 597 this value dropped to 20.7 ugm./ml., 
under the same experimental conditions. Other graphs illustrate that both 
the acid and the alkaline RNA-se were inhibited by medium 597 in tissue 
extracts. 


Desoxyribonucleases 


Assays for desoxyribonuclease (DNA-se) are illustrated in Table V. 
Medium 858 and Earle’s solution showed the highest values in the acid range, 
with definitely lower activity in the alkaline range. The considerably greater 
activity observed with normal monkey kidney homogenate in water than in 
medium and salt mixtures is explained clearly by the results obtained with 
Earle’s base at pH 5 as due to the depressive effect of salts. Otherwise the 
higher activity of the ‘acid’ DNA-se than that of the “alkaline’’ was a 
consistent finding except with dilute homogenate in medium 597 plus horse 
serum. The depression of DNA-se in synthetic medium 199 (Table V, 
group C) could be explained by the results observed in aged tissue homo- 
genates, where a very significant drop of DN-depolymerase was observed as 
compared to water or Tyrode’s solution. The alkaline nuclease suffered 70% 
loss, compared to water. The acid enzyme in the same time exhibited only 
56% loss of activity, and Tyrode’s solution protected and activated both 
enzymes, showing 4% increase in acid, 7% in alkaline DNA-se. Results of 


assays with crystalline DNA-se and kidney extracts will be reported 
separately (13). 


Other Enzymes 


Some other enzymes of NA metabolism, namely nucleosidase and xanthine 
oxidase, were demonstrated in normal monkey kidney by Kalchar’s technique, 
together with a spectrophotometric measurement of cholinesterase, as before 
(11, 12). The effect of colchicine was also studied, and a depression of 
phosphatase activities was observed, in agreement with previous findings 
(11, 12). 

Water content of whole rhesus kidney fluctuated between 79 to 80% in the 
acetone-dried organ, thus the wet weight corresponds approximately to 20% 
dry material, This dry powder, however, was not suitable enzyme material. 
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TABLE V 


DESOXYRIBONUCLEASE IN NMKH 








% drop in relative viscosity of system 
as measure of DNA-se activity, per 
time of incubation at 30°C., in min. 

Amount of tissue, i - 
Enzyme material mil. and wet wt. pH 5 pH 7 








A. Concentrated homogenates 

















10% frozen NMKH in water 0.2 mi. 48.6/120 min. 31.7/120 min. 
20 mgm. 

10% frozen NMKH in SM 597 (overnight at 40° C.) se 48.0/120 2 15.0/120 “ 

10% frozen NMKH in SM 858 * 51.7/120 . 17.6/120 “ 

10% frozen NMKH in Earle’s sol. “ 51.9/120 - 13.5/120 “ 

5% fresh NMKH in water 1 mi. = 20.6/105 “ 
50 mgm. 

5% fresh NMKH in water 0.3 mi. 10.0/115 sa 12.0/120 “ 
15 mgm. 

B. Diluted homogenates 

0.062% frozen NMKH in water 1.0 ml. * 0.9/120 a 0.4/120 “ 
0.62 mgm. 

0.062% frozen NMKH in phys. NaCl 4 5.0/120 - 41am * 

0.062% frozen cortex of NMKH in water ” 0.7/120 * 1.4/120 “ 

0.062 % frozen cortex of NMKH in phys. NaCl = 2.9/120 aa 1.0/120 “ 

0.062% fresh NMKH in SM 597 “ 23.7/120 ° 29.1/120 

SM_597 alone (medium control) 0.38% NMKH in . No change No change 

SM 136 (Tyrode + glycine) 1.0 mil. _ 12.7/120 “ 

3.8 mgm. 

Tyrode + glycine alone (medium control) ” a 2.4/120 “ 

C. Aged homogenates, stored 60 days at 4° C. 

10% whole kidney homogenate in water 1 mi. 67/120 * 62/120 . 

10% whole kidney homogenate in Tyrode's solution 1 mi. 71/120 - 69/120 « 

10% whole kidney homogenate in medium 199 ne 30/120 = °19/120 oat 





Composition: 0.2 to 1 ml. NMKH + 4 to 4.8 ml. of 0.1 to 0.2% highly polymerized DNA® in 
buffer. Procedure as described (11, 21). 


Discussion 


Patterns of phosphatases and nucleases were investigated in normal monkey 
kidney homogenates. Activation and inhibition of the monoesterases during 
some of these assays cannot be explained by the effect of inorganic salts alone. 
The enhancing of alkaline phosphatase by amino acids has been thoroughly 
investigated by others (18) and may serve as an explanation of many of our 
similar assay results. However some of these derivatives are inhibitory for 
acid phosphatase, as found for glycine by Bodansky (1). Complexes formed 
by vitamin C and copper salts have been described as inhibiting the acid 


8Courtesy of Prof. G. C. Butler, Department of Biochemistry, University of Toronto. 
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phosphomonoesterase of almond (18). The possibility of some similar 
mechanism cannot be excluded in the case of our experiments. The findings 
observed with various nutrient mixtures suggest that not only salts and 
amino acids, but purine and pyrimidine derivatives, may be responsible, 
especially for the inhibition of acid phosphatases. When these NA derivatives 
were omitted (medium 199 versus 597, 697, and 635) less inhibition was found. 
The inclusion of porcine liver coenzyme concentrate in medium 697 (7) made 
of this mixture a good activator of the phosphatases and of other enzymes. 
This fraction has to be checked separately for these specific effects (13). 
Otherwise the acid phosphatase seems not to be more labile than the alkaline 
in agreement with recent findings of Tsuboi et al. (22) in haemolyzed blood. 


If we compare diluted surviving kidney cortex and tissue culture 
homogenates (12), the cultivated cells exhibit somewhat higher alkaline 
phosphatase activity. In some instances the differences are caused by the 
horse serum present in the cultures (11). The acid phosphatase values on 
the other hand are higher in surviving tissue, especially in fresh kidney 
cortex + horse serum. Normally growing 14-day-old tissue culture in 597 
exhibited about the same level of acid and alkaline phosphatase activity (12), 
as did 0.062% frozen kidney cortex in physiological saline or in water. 

The results on purified enzyme systems explained satisfactorily the mode of 
action of the chemically defined synthetic nutrients on phosphomonoesterases. 
The depression of acid phosphatase in tissue cultures with media 199 or 597 
observed previously (12) can be definitely ascribed to the effect of the 
nutrient. It is interesting that more complex synthetic mixtures (858 for 
instance) did not improve the activities, compared to 199 and 597. Further 
studies of the components of various media are in progress (13) to isolate the 
factors influencing phosphomonoesterase activities. The lability of alkaline 
phosphatase over pH 8.5 during long incubation (15) was also confirmed. The 
decrease of inhibition observed with synthetic nutrient mixtures after long 
incubation at 37° C., pointing to some changes in the surviving tissues, is in 
agreement with Pardee and Potter (17) who found much destruction of 
pyrimidine-linked (DPN) cofactors in fresh kidney homogenates after four to 
six hours’ incubation. The paradoxal findings on very high dilutions of the 
tissue homogenates emphasize that there is an optimal enzyme and medium 
concentration for activator or inhibitor effect of the synthetic mixtures. 


The great activation of 5-nucleotidase by medium 199 and 597 was 
confirmed on dried Russel’s viper venom. Simple nucleotidases were 
found to be definitely of different nature and activity, although splitting of 
nucleotides substrate approached values of 5-nucleotidases in very short and 
in very long term experiments, because of the competition of phosphomono- 
esterases (11, 12). At the same time it was striking to see that medium 597 
did exhibit depressor properties on 5-nucleotidase of kidney extracts. 
Explanation is lacking for this discrepancy, but it seems that some component 
is absent in the dried snake venom which allows the activation of 5-nucleo- 
tidase. High temperature assays (two hours at 56°C., not tabulated), 
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suppressed the simple nucleotidase activity of kidney homogenates, but still 
resulted in good 5-nucleotidase activity. This is additional evidence for the 
diversity of the two types of nucleotidases (11, 12). Compared with diluted 
(1 : 1600) surviving kidney cortex homogenates in 597, similar (but tryp- 
sinized) explants after 14 days’ cultivation showed greater 5-nucleotidase 
activity, whereas six-day tissue culture homogenates in 199 exhibited lower 
values (12). Suspended cultures containing a large amount of tissue displayed 
activities like concentrated homogenates of whole kidney during short 
incubation. 


The increase in RNA-se activity by dilution and by freezing may be caused 
by the breaking up of some inhibitor complex associated with the nuclease 
(19). However the question is more complicated, because there are present 
at least two depolymerases of varying sensitivity, active at different pH 
ranges. Short term experiments may be misleading if not supplemented by 
assays of longer incubation. For the higher RNA-se activity found with 
medium 597 + 2% horse serum and bicarbonate, the added substances may be 
responsible in part (11, 12), since medium 597 alone was inhibitory on RNA-ses 
(Fig. 5). Tissue culture homogenates exhibited higher nuclease activities (12) 
than the dilute fresh kidney in water, or in medium without horse serum. 
Further studies are needed to reveal the cause of this difference. 


The absence of DNA-se in horse serum has been described (4); this is 
confirmed by our assays with media containing equine serum. The only 
nutrient which caused some (2.4%) drop in the relative viscosity of the 
substrate without enzyme material added was the synthetic mixture 139 
(Tyrode’s solution + glycine). Tyrode’s solution alone did not cause any 
change, therefore glycine may be responsible for this spontaneous depoly- 
merization (6), which is above experimental error. The lower DNA-se 
activity at pH 7 was striking in salt mixtures and synthetic nutrient. We do 
not know whether effectively less enzyme is present, compared to kidney 
homogenates in water, or whether its inhibition is due to salts or other 
components. Satisfactory explanation for the strong depression of DNA-se 
in medium 199 (Table V, group C) is lacking at the present time. Medium 597 
and Tyrode’s solution activated the DNA-se of kidney extracts (15-20%), 
or crystalline DNA-se of pancreas (13). 


In conclusion we could say, that the comparative assays of surviving tissues 
would be informative as to functional changes undergone by tissue explants during 
adaptation to in vitro conditions (12). The loss of highly specialized biochemical 
agents such as enzymes during the cultivation procedures is one modifying 
factor (11, 12) and the specific effect of synthetic nutrients on the kinetics of various 
biocatalysts is another, as substantiated by the findings described in the present 
paper. This (perhaps temporary) change in the functional state was thought 
to be the cause of susceptibility of non-neural tissue to infection with 
poliomyelitis viruses (12). Furthermore enzyme studies could be helpful in 
the detection of eventual changes in the cells undergoing serial passages 
compared to the original explant and surviving tissue. 
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KINETIC STUDIES ON THE HYDROLYSIS OF BENZOYLCHOLINE 
BY HUMAN SERUM CHOLINESTERASE! 


By W. Katow, K. GENEsT, AND N. STARON 


Abstract 


Benzoylcholine stands out from other known substrates of serum cholin- 
esterase because of its high apparent affinity for this enzyme combined with a 
rapid rate of destruction. The reaction kinetics of the hydrolysis of benzoyl- 
choline can be studied by ultraviolet spectrophotometry, since the absorbance 
decreases in proportion to the concentration of substrate. Kinetic data obtained 
by measuring initial reaction rates, and by analyzing continuous hydrolysis 
curves, are the same within the range of experimental error. The enzymatic 
data are compatible with the assumption that in the presence of high substrate 
concentrations a complex consisting of esterase and two substrate molecules is 
formed. This complex is hydrolyzed more slowly than the complex containing 
one molecule of substrate which is formed at low concentrations of benzoyl- 
choline. Alkaline hydrolysis of benzoylcholine follows the kinetics of a first 
order reaction. 


Ultraviolet spectrophotometry permits observation of the activity of serum 
cholinesterase (10, 12, 13, 15, 16). Quantitative determinations by this 
method of the esterase level in human serum have been compared with those 
obtained by the conventional gasometric method; the photometric method 
has the great advantage of speed and accuracy (15). The present paper 
describes the application of this method to studies of the kinetics of human 
serum cholinesterase, using benzoylcholine as a substrate. Statements in the 
literature on the Michaelis constant for serum cholinesterase and benzoyl- 
choline vary over a thousandfold range (2, 3, 4, 12, 18, 26) from 3 & 10-® (12) 
to 2.5 X 10-* (3). These discrepancies appear to originate from the formation 
at different substrate concentrations of two different enzyme-substrate 
complexes and from the impossibility of measuring reaction rates in the 
Warburg apparatus in substrate concentrations much below 10~‘ molar. 
These difficulties are not encountered in measuring the Michaelis constant 
with acetylcholine; hence the reported values vary only about fivefold (1, 2, 
3, 5, 6, 18, 25, 29). 

The diversity of the literature on the Michaelis constants with benzoyl- 
choline should not be confused with a true alteration of Michaelis constants 
due to a rare, inherited abnormality of serum cholinesterase. This alteration 
has been described briefly (14) and will be reported later in detail. In the 
present paper, we are concerned only with the Michaelis constants for 
benzoylcholine with purified esterases and normal sera. 


Methods 
Equipment and Materials 
All experiments were performed in the Beckman DU Spectrophotometer. 
After the completion of the studies, a Beckman Recording Spectrophotometer 
Model DK2 was obtained and used to confirm, expand, and illustrate the 


1Manuscript received February 3, 19506. , ; 
Contribution from the Department of Pharmacology, University of Toronto, Toronto, Ontario. 
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results. The absorption cells had a light path of 10 mm. Further details on 
our equipment, material, and procedures have been described previously (15). 

The temperature in the model DU spectrophotometer was regulated with 
thermospacers at 26°C. (15). The temperature in the recording spectro- 
photometer tends to rise continuously for many hours. This could be 
prevented: the box containing the mirror system and the absorption cells 
was partially covered with asbestos paper and aluminum foil to reflect radia- 
tion; a fan checked heat transfer by convection. The temperature of the 
solution in the absorption cell was measured before and after each experiment 
with a thermistor. Occasionally the temperature shifted more than 0.1° C. 
during an experiment. Such experiments were discarded. All experiments 
reported in this paper were performed between 25.0° and 26.3° C., the average 
being 25.5° C. 

The solvent was always M/15 phosphate buffer of pH 7.36-7.40. The 
benzoylcholine chloride was a crystalline powder obtained commercially from 
Hoffmann-LaRoche, Nutley, N.J., and stored in a vacuum desiccator. The 
source of esterase was either dilute human serum or the serum fraction IV-6-3 
(Harvard), which is a preparation of purified human serum cholinesterase. 
Two samples of it were obtained: one from the Department of Biochemistry, 
Harvard University, and one, under the name Cholase, from the Cutter 
Laboratories, Berkeley, Calif. Since the two samples behaved alike they were 
used alternately. If dilute solutions were stored in the refrigerator, the loss of 
activity was roughly 1% per week. 
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220 230 240 250 260 270 280 290 m 
Fic. 1. The spectral shift during the enzymatic hydrolysis of benzoylcholine. This is 
the reproduction of the record obtained on scanning the spectrum at intervals of 60 sec. 


with a senna» he eo The peaks of absorbance at 232 and 275 my are 
due to benzoylcholine. The spectrum of the split product benzoate appears as a heavy 











line because it was traced over several times. The hydrolysis was accomplished with a 
solution of purified esterase which also served as the optical blank. 
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Interpretation of the Changing Ultraviolet Absorbance During the Hydrolysis of 

Benzoylcholine 

The enzymatic hydrolysis of benzoylcholine as observed in the recording 
spectrophotometer on repetitive scanning of the ultraviolet spectra is shown 
in Fig. 1. For kinetic studies, however, it is advantageous to follow the 
change of absorbance at one suitable wave length. Curves thus obtained 
(Figs. 5, 7, 8) represent data which are composed of the absorbance of the 
substrate (which is disappearing) and of the absorbance of benzoate (which 
is being formed). A simple interpretation of such curves is possible, since 
four conditions are fulfilled. These conditions can be described by equations 
containing the following symbols: 


A = absorbance (formerly optical density). 

€ = molar absorptivity (molar extinction coefficient). 

S = substrate, i.e. benzoylcholine. 

P = product of hydrolysis, i.e. benzoate. Of the two products, choline 


and benzoate, only the latter has a significant absorbance under our 
conditions. 


The brackets indicate concentrations. 


The subscripts s, p, 7, f, d, designate substrate, product, initial, final, and 
difference respectively. 
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Fic. 2. Beer’s Law for benzoylcholine in M/15 phosphate buffer at pH 7.4. 


(a) Range of 10-* M concentrations, observations at 240 my. The upper line was 
obtained in the presence of 1.25 XK 10-* M benzoate. 


(6) Range of 10-* M concentrations, observation at 285 mu. 


1. It was found that the absorbance of benzoylcholine follows Beer’s Law. 
-This is shown in Fig. 2a and 6. The straight lines obtained in the absence of 
benzoate can be described by the equation 


[1] A, = €, [S] ° 
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2. The absorbance of benzoate follows Beer’s Law. This is shown in 
Fig. 3. The straight line obtained in the absence of benzoylcholine can be 
described by the equation 


[2] A, = €,[P]. 


3. The total absorbance of mixed solutions of benzoylcholine and benzoate 
is the sum of the individual absorbances, as concluded from the curves of 
Figs. 2a and 3 which were obtained in the presence of both benzoylcholine 
and benzoate. This can be described by the equation 


[3] A,+A,=A. 


4. If the hydrolysis of benzoylcholine is the only reaction, the sum of the 
concentrations of benzoylcholine and benzoate must be constant throughout 
a given reaction. 
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Fic. 3. Beer’s Law for benzoate in M/15 phosphate buffer at pH 7.4. Range of 
10-* M concentrations, observation at 240 my. The upper line was obtained in the 
presence of 2.5 X 10-5 M benzoylcholine. 

Fic. 4. Shift of absorbance observed at 240 my during on enzymatic hydrolysis 
of benzoylcholine in various concentrations. See text for further explanations. 


[4] [S] + [P] = const. = [Sj] = [Py]. 
Combining the Equations [1] to [4] leads to the expression 
[5] A — (€{P)) = (€. — €) [S]- 


The observed absorbance minus the absorbance at the end point of the 
reaction is proportional to the concentration of benzoylcholine. This equation 
can be further simplified. Let us define 


Then, 
[6] AA = €«A[S] . 
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The shift of absorbance is proportional to the change of substrate concentra- 
tion. This can be partially demonstrated by measuring the shift of absorbance 
during the complete breakdown of various concentrations of benzoylcholine 
(Fig. 4). Since the validity of Equations [1] to [3] has been demonstrated 
separately, this plot may be taken as an experimental verification of 
Equation [4]. 

- The concentration of esterase in our hydrolysis experiments was approxi- 
mately 10-® molar (24). Even if the Michaelis complex had a characteristic 
spectrum, it would escape detection. The absorbance and scattering of light 
due to diluted serum remains constant during such time intervals as occurred 
in our experiments. However, this absorbance determines the choice of wave 
length (240 my) at which the hydrolysis of benzoylcholine has been observed 
in experiments with diluted native serum. 


Spontaneous Hydrolysis of Benzoylcholine 

In theory, alkaline hydrolysis of benzoylcholine could complicate the 
interpretation of data obtained during the action of the esterase. We 
therefore wished to measure the rate of alkaline hydrolysis at pH 7.4. All 
short term measurements failed, i.e. benzoylcholine at room temperature in 
M/i5th phosphate buffer pH 7.4 appeared to be stable for at least many 
hours. When, under the same conditions, a 10~* molar solution of benzoyl- 
choline was kept for 10 days its decomposition varied greatly from batch to 
batch, that is, roughly between 20 and 80%. Hydrolysis was not the only 
chemical change occurring during this period as evidenced by the shape of 
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* Fic. 5. Spontaneous hydrolysis of benzoylcholine at pH 11.65. Observation in the 
recording spectrophotometer at 240 my. Ordinate: absorbance. Abscissa: time. The 
tecording proceeds from right to left. The vertical lines on the curve are time marks 
produced by briefly turning a shutter. The optical blank is water. The experimental 
conditions are outlined underneath Table I. 
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the spectrum. It appeared likely that bacterial or fungal growths caused a 
faster disappearance of benzoylcholine at that pH than spontaneous hydrolysis. 
In highly alkaline solutions, hydrolysis proceeded quickly and according to a 
first order reaction (Fig. 5). The results of experiments at various pH values 
are presented in Table I. The log of the first order reaction constants plotted 
against pH fell around a straight line. If this line was extrapolated to pH 
7.4, it indicated a half life of benzoylcholine of roughly two and one-half 
years. Thus corrections for alkaline hydrolysis during studies of esterase 
action were unnecessary but fresh solutions of benzoylcholine had to be 
prepared frequently and stored under refrigeration in order to avoid bacterial 
decomposition. 


TABLE I 


ALKALINE HYDROLYSIS OF BENZOYLCHOLINE 











pH Half life 
11.65 34.2 sec. 
11.00 7.6 min. 
10.45 47 min. 
10.00 1 hour 9 min. 





NoTE: Benzoylcholine chloride 5 X 10-§ M. Observation at 240 
mu. Temperature 27.5 + 0.4° C. pH (uncorrected values) measured 
in a Coleman pH meter with glass electrodes, standardized at pH 9. 


Results and Their Analysis 
Initial Reaction Rates 


In order to establish the relation between concentration of benzoylcholine 
and hydrolysis rate, a 10,000-fold range of concentrations was to be investi- 
gated. Such an investigation is not possible at one wave length. Hence, 
high concentrations of substrate were investigated at 285 my and even longer 
wave lengths where the molar absorptivity of benzoylcholine is low, while 
low concentrations of benzoylcholine were measured mostly at 240 my. An 
example of such an investigation is shown in Table II. Besides using different 
wave lengths, the concentration of the esterase (Harvard fraction IV-6-3) 
was also varied for the following reason. If, for instance, a 10~* molar 
concentration of benzoylcholine disappears, at 240 my the absorbance 
decreases by 0.67, at 292 my by 0.0077, and this is only 1% of the shift 
obtainable on complete hydrolysis of 10~* molar benzoylcholine. Using one 
enzyme concentration for observation at both wave lengths, one would have 
to extend the period of observation at 292 my to almost 100 times that 
necessary at 240 my in order to obtain the same photometric accuracy. If 
observations last for hours, unexplained changes in the esterase solution can 
occasionally occur. An increase of the enzyme concentration cuts the time 
and thus reduces a possible source of error. If benzoylcholine is the substrate, 
the rate of hydrolysis is a linear function of enzyme concentration (2, 5). 
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TABLE II 


RATES OF HYDROLYSIS OF BENZOYLCHOLINE 








Initial rates of hydrolysis at the indicated 
concentrations of esterase (IV-6-3) 








Molar Wave Observed values Calculated 

conc. of length value 

BzCh in mp 10mgm.% 4mgm.% 2mgm.% 20mgm.% Average 
3.2 X 107 295 0.469 0.938 0.938 
1.0 X 10° 292 0.468 0.936 0.936 
3.2 X 10° 289 0.481 0.962 0.962 
1.0 X 10° 285 0.500 1.000 
1.0 X 10° 285 0.192 0.960 0.980 
3.2 X 10° 285 0.212 1.060 
3.2 X 10° 250 0.214 1.070 1.065 
1.0 X 10~ 240 0.233 1.164 
1.0 X 10 240 0.115 1.150 1.157 
3.2 X 1075 240 0.116 1.160 1.160 





Note: The observed values indicate initial reaction rates expressed as the decrease of millimolar 
concentration of benzoylcholine per 10 min. The first column gives the initial concentration of 
benzoylcholine; the second column the wave length of the observation in mp. The various 
concentrations of purified esterase are indicated in mgm. %. 


This has been confirmed for both preparations of purified esterase, and for 
serum in dilutions 1 : 20 to 1: 1000. The data of Table II also show, at least 
very nearly, linearity of this function. 

The data of Table II are shown in Fig. 6 as straight crosses. Data obtained 
on different days are indicated by different symbols. The data show an 
inhibition by excess of substrate. 

The solid curve in Fig. 6 which fits the data was calculated with a formula 
derived by Myers (23) as a modification of a concept of Haldane: The 
assumption is made that enzyme (£) and substrate (S) form two complexes 
(ES;, ES:) which can disintegrate so as to release the products of reaction; 


ky ks 

E+ fF w@ Bh ©  <cece (Kes, = Ks), 
ke 

e s p 
ks ke 

ES + §$ H ESe —- sscce (Kes, = Ks). 
ks 

p s q 


The concentrations of free enzyme, substrate, and complexes are denoted by 
e, S, p, and g, respectively. The Michaelis constants are Ks and Ks. Then, 


s $s ¢.# 
a a 
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Vv 


S+ 








4 3 2 loglBzcH 


Fic.‘6. Relation between the initial rate of reaction and greatly varied concentrations 
of substrate. The enzyme was purified human serum cholinesterase (fraction IV-6-3). 
The humped curve fitted to the data expresses assumption of an active ES: complex in 
the presence of high concentrations of substrate. Ks, and Ke, are the Michaelis constants 


for the ES; and the ES: complexes respectively; y equals the ratio of the maximum 
velocities. 


Iffk; =~e+p+q, 


alias 





oO |+ 
uw 








Pp a V1 x Ks, + § 

a) lum, =a, Be + Oy 8 +P 

_ ae s 
and E: 7 Vinax, = Ks, . Ks, + Ks, . R ote s? 


11, Uz, Vmax, aNd Vmax, indicate the reaction velocities and their maxima. 


Let 
Venez, = ¥- Vinex, aNd Moti = M1 + U2 « 
Then, 
Viotal _ K;,.s+y.? 


Vax, K, .Ks + Ks,.st+s 





The curve in Fig. 6 was calculated with numerical values for the constants 
Ks, = 4.5 X 10; Ks, = 1.3 & 10-4; y = 0.65. 
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Myers (23) derived the above formula to account for his observations on 
acetylcholine and acetylcholine esterase but the concept of an active ES: 
complex is older. It was described for human liver esterase and ethyl 
mandelic acid by Schwab, Bamann, and Laeverenz (27). Lineweaver and 
Burk (19) described the investigations of Schwab et al. as ‘‘case V"’. 

Ks, in the above formula equals Ks in the description of Lineweaver and 
Burk (19) but our Ks, equals their (Ks_n’)/Ks. This difference depends on 
the assumption that the second complex is formed by a reaction E + 2S =ESz. 
Experimentally, one cannot differentiate between the two possibilities of 
ES, formation. 

The two Ks values in our data correspond to the points of inflection of two 
S shaped curves which are indicated in the figure by broken lines and which, 
throughout most of their course, overlap the humped summation curve. 
The reaction rates at low concentrations of substrate permitted calculation of 
one S shaped curve and thereby determination of the theoretical maximum 
velocity of the first ES complex and of Ks, (19, 22). The maximum velocity 
of the second enzyme substrate complex was estimated directly from the 
data. Hence, the ordinates of the inverted S shaped curve were known. 
On the assumption that the second enzyme substrate complex contains two 
molecules of substrate, the inverted S shaped curve was drawn and fitted 
graphically to the data. The constants thus obtained were inserted into the 
above equation and the ordinates of the humped curve calculated. 


Continuous Hydrolysis Curves 

When 10 molar benzoylcholine was added to purified esterase and the 
complete reaction measured at 285 mu, the data of Fig. 7a were obtained. 
The reaction speeds up when the substrate concentration decreases. The 
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Fic. 7. Hydrolysis of benzoylcholine by purified serum cholinesterase. Each dot 
* represents one measurement in the model DU spectrophotometer. The straight lines are 
drawn to aid the eye in discerning the curvatures. 
(a) Initial concentration of benzoylcholine 10-3 M, observation at 285 muy. 
(b) Initial concentration of benzoylcholine 5 X 10-* M, observation at 240 my. 
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changes of reaction rate are as to be expected from the formula and the 
constants Ks, and y given in the previous section. Fig. 7a is very similar 
to a figure obtained by Hardegg and Poche (9) with a modified Warburg 
technique. 

When 5 X 10-5 molar benzoylcholine was added to purified esterase and 
the complete reaction measured at 240 my in the model DU spectrophoto- 
meter, the data of Fig. 7b were obtained. We have attempted to measure 
the Michaelis constant Ks, from such continuous hydrolysis curves. The 
relation between reaction rate and concentration of benzoylcholine was 
determined in one or both of two ways. First, the relation was obtained 
from the primary observations by calculation, as shown in Table III. 
Secondly, the data were plotted with absorbance as ordinate and time as 
abscissa. A curve was drawn with a sharp pencil through the data, smoothing 
out small and obvious irregularities. The tangent was determined for a 
suitable number of ordinate values by holding a stretched black thread 
against the curve. 


TABLE III 


CRITICAL PART OF AN EXPERIMENTAL PROTOCOL. OCTOBER 26, 1954 














Time 
Min Sec. Absorbance €a [S] v 
7 00 0.242 0.0945 19.5 
20 0.232 0.0845 21 
40 0.221 0.0735 20 
8 00 0.211 0.0635 19 
20 0.202 0.0545 18 
40 0.193 0.0455 17 
9 00 0.185 0.0375 16 
20 0.177 0.0295 15 
40 0.170 0.0225 13 
10 00 0.164 0.0165 11 
20 0.159 0.0115 9 
40 0.155 0.0075 6.5 
li 00 0.1525 0.0050 5 
20 0.150 0.0025 3.5 
40 0.149 0.0015 1.5 
12 00 0.1485 0.0010 a 
17 00 0.148 _— _ 
28 00 0. 


1475 _ _ 





Nore: Serum of subject H.L. diluted 1:200. Initial concentration of BsCh 5 X 10-* M. 
Reaction started at time 0. The rate appeared to be constant for the first eight minutes. Tempera- 
ture 26°C. Ist column: time after start of reaction. 2nd column: absorbance at 240 mu 


3rd column: concentration of BsCh in terms oar sang” Aaa ony 5X10 M 
corresponds to 0.335 A A. Selene aalien reaction % AF 
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Fic. 8. Hydrolysis of benzoylcholine by purified serum cholinesterase as measured 
with the recording spectrophotometer. Duplicate experiment. Initial concentration of 
substrate is 5 X 10-§ M. Observation at 240 mu. A = absorbance. Optical blank is 
water. The vertical lines are time marks (see Fig. 5). . 


For data obtained with the recording spectrophotometer (Fig. 8), 
determination of the tangents was the only means of relating reaction rate 
and concentration. Besides the stretched thread, a “‘derivimeter’’* attached 
to an engineer’s drafting machine was used for that purpose. As compared 
to the analyses in which the thread was used, the derivimeter facilitated and 
speeded the measurements. However, the accuracy was improved only 
slightly, as judged by the reproducibility of measurements from a single curve. 

The relationships between reaction rates and concentration of substrate 
were used to determine Michaelis constants in one or both of two ways: 
(1) The original method of Michaelis and Menten (22) was used with a minor 
modification. Michaelis found that a plot of reaction velocity against log 
concentration of substrate results in an S shaped curve. He calculated that 
the tangent of the steepest slope must be 0.576 if the maximum velocity 
(Vmax) is unity. Experimentally, it was more difficult to measure Vmax than 
to determine the steepest slope. Thus Michaelis used the steepest slope of 
his data to calculate the maximum velocity of the reaction. With Vmas 
known, Michaelis calculated the full S shaped curve to check its fit to the 
complete set of data. We applied the Michaelis principle in the following 
manner. Our data were plotted with observed velocity on the ordinate, and 
log concentration on the abscissa. The units of the abscissa were kept 
constant from plot to plot. A series of theoretical Michaelis curves with the 
same constant abscissa, but with various scales of the ordinate, were drawn 
on transparent papers. By holding the transparent sheets over the data and 
by shifting them along the abscissa, the curve with the best fit to the data was 


*A device for measuring tangents, based u the gages that a line appears broken in a 
mirror unless the mirror stands at a right ang the line. 
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selected. The log of the Michaelis constant could then be read directly from 
the abscissa of the data sheet at the point of the abscissa which corresponds 
to half the theoretical maximum rate of reaction. This modification of 
Michaelis’ original method became a matter of convenience on repetitive 
determinations of similar curves. (2) The reciprocals of the reaction velocities 
were plotted against the reciprocals of the substrate concentrations as recom- 
mended by Lineweaver and Burk (19). The best fitting straight line was 
drawn by eye. For two reasons it was found to be impossible to increase the 
reproducibility of the Lineweaver and Burk method by calculating the best 
fitting straight line instead of determining it graphically. First, an error in 
determining the end point of the reaction causes a curvature in the reciprocal 
plot. This is readily seen in a graph but may not be noticed if figures alone 
are used. Second, the distribution of error is not uniform in the reciprocal 
plot (7), hence use of the simple least squares method is not justified; the 
labor involved in more refined calculations becomes prohibitive if many 
curves are to be analyzed. 

During all these calculations, the concentration term was kept in absorbance 
units. That is, the Michaelis constant was obtained as a A A value and then 
converted into a molarity (Equation [6] ). 


In using the data from continuous hydrolysis curves for the determination 
of Ks,, one must be aware of the inhibition by excess of substrate. However, 
for concentrations of benzoylcholine below 2.5 X 10-5 molar, the deviation 
from the simple Michaelis curve is negligible (cf. Figs. 6, 9). The more 
important question appears to be whether such an analysis is subject to a 
systematic error due to an influence of the accumulating split products, 
choline and benzoate, on the reaction rate. 

Therefore the enzyme was allowed to act on various concentrations of 
benzoylcholine before the action upon a given concentration was measured. 
This amounted to the addition of the split products to the esterase. The 
split products increased the initial rate of reaction by 3% when each was 
present in 2 X 10~ molar concentration and when the concentration of 
substrate was 2.5 X 10-5 molar. This activation was statistically significant 
with P = <0.01. Under the same conditions, in spite of this influence on 
the reaction rate; no significant influence of the added split products on the 
Michaelis constant could be established. Split products in concentrations 
below 2 X 10-‘ molar did not show any effect. It was concluded that the 
influence of the split products on the determination of the Michaelis constant 
from continuous observation of the hydrolysis of 5 X 10-> molar benzoyl- 
choline was below the limits of detection with our present equipment. 

Some results of determination of Michaelis constants Ks, are presented in 
Table IV. The curves were selected for analysis from a larger group of data 
so as to include only experiments between 25° and 26°C. All curves 
analyzed for this table were obtained with the recording spectrophotometer 
over a period of several weeks. On inspection, the curves appeared to be of 
the typical shape, and the noise level during the recording was low. The 
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TABLE IV 


MICHAELIS CONSTANT Ka; IN MICROMOLES PER LITER FOR HUMAN 
SERUM CHOLINESTERASE AND BENZOYLCHOLINE 








Correlation 








Michaelis and Menten Lineweaver and Burk coefficient 
for both 
Ks, + S.E. Range Ka, + S.E. Range methods 
Purified esterase 4.21 + 0.32 2.61-5.94 3.92 + 0.35 2.49-6.07 0.875 
(9 experiments) 
Diluted serum 3.79 + 0.32 2.79-5.86 3.96 + 0.40 2.70-6.49 0.874 
(10 experiments) 
Combined data 3.99 + 0.23 2.61-5.94 3.94 + 0.26 2.49-6.49 0.874 





Note: Determination from the tangents of continuous hydrolysis curves. Each set of data, 
based on a single curve, was analyzed twice—once according to Michaelis and Menten (slightly 
modified method reported above) and once, without knowledge of the results, in the reciprocal plot 
suggested by Lineweaver and Burk. If the mean and standard error of the combined data in the 
first column had been calculated from logarithmic units, the results would be 3.87 % 1.058. The 
correlation coefficients describe the agreement of both analytical methods for individual sets of data. 


sera were from healthy people of various age groups with near average esterase 
activity. Final serum dilution was 1:100. Cholase was taken as the 
preparation of purified esterase. It was diluted so that the esterase activity 
was similar to that of the sera. 

The table shows that the average values are independent of the method of 
analysis and of the source of esterase. The values also agree with Ks, 
obtained from the study of the initial reaction rates. Individual results, 
however, vary greatly. The ranges obtained with the reciprocal plot 
(Lineweaver and Burk (19) ) are slightly larger than those obtained with the 
method of Michaelis and Menten (22). 

The relatively large correlation coefficient indicates that the two methods 
of analysis agree fairly well for each individual curve. This suggests that a 
large part of the variation of the Michaelis constant is either due to errors in 
the measurements of the tangents to the curves, or due to faulty recording, or 
due to real changes of the constant. Fig. 9 shows that the error of measuring 
the tangents is considerable. There is also a slight difference between 
duplicate recordings. Hence, it is very likely that errors of measurement 
cause all of the apparent variation of the Michaelis constant, even though the 
experimental conditions do not exclude, for instance, influences due to aging 
of a stored dilute solution of the purified enzyme. 

Average values obtained during other experimental series were within the 
ranges indicated in Table IV. Ten measurements from both samples of purified 
esterase were made at 26° C., using the model DU spectrophotometer. Five 
tangents were measured with a stretched thread and five determined by 
calculation (cf. Table III). The data were analyzed according to Lineweaver 
and Burk (19). The Michaelis constant was (3.19+0.23) X 10-*. This 
figure is not significantly different (P = 0.1) from the corresponding value 
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Fic. 9. Determination of Michaelis constant Ks, from continuous hydrolysis curves. 


The ordinate designates relative reaction velocities in terms of the tangents to the 
curves a and b of Fig. 8. The crosses represent the data obtained by three analyses of 
curve a, the circles were derived by two analyses of curve b. Each curve was analyzed by 
two different individuals using a derivimeter. Curve a was analyzed in addition by deter- 
mining the tangent with a stretched thread. The scatter of the data depicts slight 
differences between duplicate spectrophotometric recordings plus the errors involved in 
measuring tangents. A sigmoid curve with the theoretical maximum velocity of 0.8 (in 
dashed part of the curve, cf. Fig. 6) was fitted to the combined data. The Michaelis 
constant as derived from this curve is 4.3 X 10~®; its position on the log scale is indicated 
by the arrow. The hatched area pictures the fiducial limits and standard error of deter- 
minations of the Michaelis constant as calculated from the logarithm of the data presented 
in Table IV under the headings ‘‘Michaelis and Menten” and “‘purified esterase”. 


3.92 X 10-* (Table IV) obtained with the aid of the recording spectrophoto- 
meter. In another series consisting of 10 duplicate determinations with 
purified esterase in the recording spectrophotometer at approximately 32° C., 
the Michaelis constant was (3.57+0.17) K 10~-® (16). 


Discussion 


The Michaelis constant Ks, was estimated as 4.5 XK 10-* from measure- 
ments of initial reaction rates at graded substrate concentrations. The best 
estimate from analyzing continuous hydrolysis curves was close to 4 X 10~*. 
This difference is explainable by experimental error. The accumulation of 
the split products of benzoylcholine did not cause any noticeable effect in 
these experiments. Hence, the analysis of continuous hydrolysis curves 
appears to provide valid determinations of the kinetic constants of serum 
cholinesterase. Since the second estimate is based on more numerous 
observations, it is presumably closer to the true value than the slightly higher 
estimate obtained by the first and stricter method. 

The possibility of using continuous hydrolysis curves of benzoylcholine for 
kinetic studies on serum cholinesterase offers the following advantages; 
kinetic data can be obtained for numerous individual sera. Statistics can be 
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introduced, since the accumulation of data is comparatively easy. The 
study of esterase inhibitors is facilitated, and even a small sample of esterase 
permits the collection of sufficient data to calculate a Michaelis constant. It 
is expected that technical improvements, e.g. temperature control in longer 
absorption cells, will reduce the experimental error of future investigations. 

The Michaelis constants for serum cholinesterase and the aliphatic choline 
esters acetylcholine (6) and butyryl choline (18) are of the order of millimoles 
per liter. Hence, even though the maximum hydrolysis rates of these sub- 
strates are several times faster than that of benzoylcholine (17, 18, 20), the 
latter substrate is hydrolyzed faster at low concentrations. For instance, if 
one calculates from the Michaelis constants and from the observed reaction 
velocities the rates of hydrolysis at a 10-' M substrate concentration, it 
follows that the destruction of benzoylcholine by serum cholinesterase proceeds 
35 times faster than that of acetylcholine. The lower the substrate concentra- 
tion, the greater will be the difference in favor of benzoylcholine. Both 
aliphatic choline esters have been found in brain tissue (11). However, unless 
their effective concentrations in vivo are at least 10-* M, their hydrolysis by 
serum cholinesterase cannot be very rapid in comparison with the hydrolysis 
of benzoylcholine. 

Goldstein et al. (8) found prostigmine to inhibit serum cholinesterase more 
strongly than acetylcholinesterase. Todrick (28) arrived at the opposite 
conclusion. The main reason for this apparent contradiction is Todrick’s 
use of benzoylcholine as a substrate for serum cholinesterase, while the other 
investigators used acetylcholine. The reciprocals of the Michaelis constants 
indicate the apparent affinities of the two substrates. Serum cholinesterase 
has an apparent affinity for benzoylcholine roughly 300 times greater than for 
acetylcholine. Hence, we would expect from our experiments that competitive 
inhibition of the hydrolysis of benzoylcholine by serum cholinesterase would 
be more difficult to accomplish than that of acetylcholine by serum 
cholinesterase. This example shows why data on the selectivity of competitive 
esterase inhibitors should be interpreted with caution until the physiological 
substrates and their concentrations in vivo are known. 

Considering the inhibition by excess of substrate, the system benzoyl- 
choline - serum cholinesterase is similar to the system acetylcholine— 
acetylcholinesterase (21, 23). The ES: complex is active in both cases. 
Besides benzoylcholine, other aromatic compounds can produce an inhibition 
of serum cholinesterase by excess of substrate, for example acetylsalicylcholine 
(2), furfuroylcholine (18); and procaine (12), while acetylcholine is ineffective 
in this respect (23). 


Summary 
The change of ultraviolet absorbance during the hydrolysis of benzoylcholine 
was proportional to the decrease of the concentration of benzoylcholine. 


During the enzymatic hydrolysis of benzoylcholine by serum cholinesterase 
at pH 7.4, no other reaction was noticeable; particularly there was no alkaline 
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hydrolysis. The half life of benzoylcholine at pH 7.4 and room temperature 
was estimated as 2.5 years, by extrapolation from measurements at higher 
pH values. 

The relation between enzymatic hydrolysis rates and concentrations of 
benzoylcholine in a 10,000-fold range was investigated. The results were 
compatible with the assumption that two enzyme-substrate complexes ES, 
and ES: can be formed, the Michaelis constants being Ks, = 4.5 X 10-* and 
Ks, = 1.3 X 10~, respectively. Both complexes are active, i.e. there is only 
a partial inhibition by excess of substrate. The ratio of the maximum 
velocities, Vinax,/Vmax,, is 0.65. 

The Michaelis constant Ks, could also be obtained by analyzing continuous 
hydrolysis curves at 240 my using 5 X 10-5 M benzoylcholine as the initial 
concentration. Several methods of analysis were tested. An influence of the 
split products upon the reaction could be measured only when their concentra- 
tions were 2 X 10-* M, while the concentration of benzoylcholine was 
2.5 X 10-§ M. Under these conditions, the split products increased the reaction 
rate by 3%. The best estimate of Ks, from continuous hydrolysis curves 
was 4 X 10-*. This value was the same for purified esterase and diluted 
serum. 
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THE EFFECT OF THE SARINASE* LEVELS OF LIVER ON THE 
SURVIVAL OF RABBITS INJECTED WITH SARIN! 


By PETER A. ADIE 


Abstract 


The effect in rabbits of the sarinase levels of liver and plasma, and of cholin- 
esterase levels of plasma on survival after repeated intraperitoneal or sub- 
cutaneous doses of sarin has been investigated. When the intraperitoneal 
route was used a significant correlation was found between liver sarinase and 
survival. Survival after subcutaneous injection was not affected by the liver 
sarinase. No correlation was found between plasma sarinase or plasma cholin- 
— and survival for either the intraperitoneally or subcutaneously injected 
rabbits. 


Introduction 


In the past decade there have been several reports dealing with the 
enzymatic hydrolysis of organophosphorus cholinesterase inhibitors (1, 2, 3, 
6, 7). Because of the extreme toxicity of some of these compounds (4, 5) 
it is possible that variations in the amount of detoxification due to differences 
in hydrolyzing enzyme levels in the body may have a considerable effect on 
survival. To test this hypothesis a series of experiments were carried out 
using sarin (isopropyl methylphosphonofluoridate). The sarin was injected 
either intraperitoneally or subcutaneously into rabbits. The intraperitoneal 
route was chosen so that the injected sarin would pass through the liver before 
reaching the sites of effective cholinesterase inhibition; the portal circulation 
would be avoided by the subcutaneous injections. In both cases the sarinase 
of plasma could contribute to the total sarin detoxification. Sarinase levels 
in both liver and plasma were therefore determined in all the rabbits. In 
addition to these determinations, the plasma cholinesterase was measured. 
In order to differentiate between susceptible and resistant animals the sarin 
was administered in small sublethal doses at regular intervals. Under these 
conditions the most susceptible animals should die with the least number of 
doses. The possibility of the enzyme levels being increased after an initial 
dose was investigated by comparing the pooled liver and pooled plasma 
enzyme levels of normal rabbits and rabbits treated with one sublethal dose 
of sarin. A normal population variation was also obtained and compared 
with the variation encountered in the treated animals. 


Materials and Methods 


The rabbits used in this investigation were of mixed ancestry. The weights 
varied from 2 to 3.5 kgm. The sarin was redistilled and stored at refrigerator 
temperature. The experimentS were performed on nine groups of rabbits, 


‘Manuscript received February 2, 1956. 

Contribution from the Phystology Section, Suffield Experimental Station, Ralston, Alberta. 
D.R.B. Project 52-89-50-15. Presented to the Western Regional Group of the Medical Division 
of the National Research Council at Banff, January 26 to 28, 1956. 

*The enzyme which hydrolyzes sarin (tsopropyl methylphosphonofluoridate). 
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five rabbits to a group. Although it was not found practical to confine the 
experiment to one sex, each group was of one sex only. Heparinized blood 
was obtained from the ear of each rabbit and centrifuged to obtain plasma, 
half of which was diluted, one part plasma to 19 parts physiological saline. 
Each group was then injected with one-third the rabbit LD, dose of sarin 
diluted in propylene glycol. Injections were made every 15 min. in the case 
of the intraperitoneally injected groups, and every half hour in the case of the 
subcutaneously injected groups. After death a sample of liver was removed, 
weighed, and homogenized in a Waring blendor with 39 parts of physiological 
saline. The Waring blendor mixture was further homogenized with a teflon 
homogenizer to obtain uniform consistency. Preliminary experiments showed 
that sarinase is stable for at least 30 min. at 55°C. Accordingly the homo- 
genization was carried out at room temperature. To obtain the normal 
rabbit population variation of liver sarinase, a further 10 rabbits (weight 
range as before) were sacrificed and samples of liver were removed, and 
processed as above. In addition, to check on any adaptive mechanism, five 
rabbits were injected with one dose (one-third rabbit intraperitoneal LD,o) of 
sarin and sacrificed after two hours, at which time another five rabbits were 
sacrificed as controls. The liver samples from each group were pooled and 
the liver sarinase was determined. Asa check on plasma enzyme adaptation 
a group of 10 rabbits were bled before and after a LD dose of sarin. 
Determination of plasma sarinase was made on both groups of blood. 

Sarinase measurements were obtained in duplicate by a conventional 
Warburg manometric method (8). The vessels contained 4.0 ml. of 0.025 M 
bicarbonate buffer, 0.5 ml. enzyme source (diluted liver or plasma), and 
0.5 ml. of 0.1 M sarin (in the side arm). The flasks were equilibrated at 
38° C. with 95% nitrogen, 5% carbon dioxide. Rates of hydrolysis were 
determined on the basis of carbon dioxide production during the 30 min. 
period beginning two minutes after the addition of substrate. Cholinesterase 
measurements were obtained in a similar manner. In this case the vessels 
contained 4.0 ml. of 0.025 M bicarbonate buffer, 0.5 ml. enzyme source, and 
0.5 ml. of 0.2 M acetylcholine chloride (in the side arm). In all cases controls 
containing 0.5 ml. of physiological saline in the place of the enzyme preparation 
were used. 

The sarinase determinations for the 10 rabbits used to obtain normal 
population variations were carried out simultaneously as were the determina- 
tions used to compare treated with untreated rabbits. All other determina- 
tions were carried out in groups of five. 


Results 


The sarinase levels in liver and plasma, the plasma cholinesterase levels, 
and the doses required to kill each animal by intraperitoneal injection are 
shown in Table I. A similar set of data for the subcutaneous injections is 
given in Table II. 








656 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 34, 1956 


TABLE I 


COMPARISON OF ENZYME LEVELS AND SUSCEPTIBILITY TO SARIN 
(Intraperitoneal injections) 

















Liver Plasma Plasma 
sarinase, sarinase, cholinesterase, 

Rabbit No. pl. CO2/30 min. yl. CO/30 min. yl. CO2/30 min. Doses to death 
1 162 78 81 1 
2 185 125 71 1 
3 193 152 122 1 
4 165 139 110 1 
5 172 78 105 1 
6 101 58 94 1 
7 185 147 80 1 
8 135 128 88 1 
9 107 88 102 1 

10 237 97 79 2 
11 226 84 104 2 
12 159 147 88 2 
13 104 115 76 2 
14 181 53 75 2 
15 165 67 109 2 
16 193 80 120 3 
17 192 93 62 3 
18 128 76 83 3 
19 130 40 79 3 
20 166 69 90 4 
21 213 151 84 4 
22 230 77 81 4 
23 316 135 108 4 
24 215 106 72 5 
25 134 177 110 5 
26 250 103 81 5 
27 221 118 82 6 
28 286 153 94 6 
29 352 115 89 8 
30 351 135 99 8 
TABLE II 


COMPARISON OF ENZYME LEVELS AND SUSCEPTIBILITY TO SARIN 
(Subcutaneous injections) 








Liver Plasma Plasma 
sarinase, sarinase, cholinesterase, 

Rabbit No. pl. CO;/30 min. pl. CO./30 min. yl. CO:/30 min. Doses to death } 
1 126 78 47 2 
2 16* 50 96 2 
3 112 50 59 2 
4 112 83 56 2 
5 86 77 74 2 
6 124 115 49 3 
7 94 94 88 3 
8 269 30 76 3 
9 218 91 59 3 

10 125 99 17 3 
11 99 68 56 + 
12 67 68 99 4 
13 96 80 75 4 
14 256 140 58 4 
15 152 58 45 5 





*Very anemic animal, 
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These data were first analyzed to determine if day-to-day differences existed. 
Any differences present were shown to have no statistical significance. The 
data for the intraperitoneal injections were then analyzed to test for correla- 
tion between enzyme levels and doses required to kill. No correlation was 
found to be present in the case of plasma sarinase and plasma cholinesterase. 
Liver sarinase compared with doses required to kill gave a correlation 
coefficient of 0.583. In terms of “‘t’”’ this is 3.79, indicating a high significance. 
The regression equation has the form Y = 18X + 140. The standard error 
of the regression coefficient = 4.4. The liver enzyme data from Table I 
were grouped according to doses required to kill and standard deviations were 
calculated. This information is shown in Table III, and Fig. 1 is a graph 
plotted from these combined data and illustrates the change of susceptibility 
with change in liver enzyme levels. 
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Fig. 1. 
TABLE Ill 
COMPARISON OF SUSCEPTIBILITY TO SARIN WITH LIVER SARINASE LEVELS 
(Intraperitoneal injections) 
Liver sarinase (yl. CO;/30 min.) 
No. of rabbits Doses to death Mean Standard deviation 
G 1 156 33 
6 2 179 49 
4 3 160 37 
a 4 231 63 
3 5 200 92 
2 6 253 46 
2 8 352 2 
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The data from the subcutaneous injection experiments were examined 
statistically in the same manner. In this case no correlation was found 
between either liver or blood enzymes and doses required to kill. 

The 10 control rabbits, sacrificed to obtain normal population variations, 
gave liver sarinase levels as shown in Table IV. 


TABLE IV 


NORMAL POPULATION LEVELS 








Rabbit No. Liver sarinase (ul. CO./30 min.) 
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A comparison of these figures with those given in Tables I and II shows 
that for the normals, a variance of 2876 is obtained and for the 45 treated 
animals a variance of 5360. These figures give an F value of 1.9, which is 
not significant at the 5% level. If rabbit No. 2, from Table II (anemic 
rabbit), is deleted we obtain an F value of 1.2. The group of five rabbits 
treated with a one-third LD dose compared with the five untreated animals 
revealed a difference in liver sarinase level of only five units (treated = 187; 
untreated = 182), indicating no evidence of enzyme adaptation. The 10 
rabbits tested for plasma sarinase adaptation had a sarinase level of 145 before 
treatment and 136 after. The difference is within the experimental error. 


Discussion 


The variation in sarinase levels of rabbit liver and plasma is not an adaptive 
mechanism. The variation in a normal population is, however, quite high. 
Under the conditions of the present experiment, both when the sarin was 
injected intraperitoneally and when it was injected subcutaneously, neither 
plasma cholinesterase nor plasma sarinase levels showed any correlation with 
individual resistance. The role of the liver in detoxification of sarin, however, 
is well illustrated. Only when the sarin passed through the liver before 
circulating throughout the body (intraperitoneal injections) was any correla- 
tion between liver sarinase level and resistance found. When the sarin 
circulated before passing through the liver (subcutaneous injections) no 
correlation was shown. Although rabbit plasma has approximately one-half 
the sarinase concentration of liver it does not appear to have any effect on 
detoxification. It is possible that the sarinase of liver is located at active 
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sites and has a greater effect on the circulating sarin. The increased time 
required for the passage of sarin through the liver may also have some effect. 
It is assumed that the sarin in propylene glycol in a subcutaneous depot would 
not be acted upon until it enters the circulatory system at which time it is 
transported to the sites at which cholinesterase inhibition is effective. If 
this is so, then the plasma sarinase level would have to be increased manyfold 
in order to affect resistance to sarin. It would be convenient to predict 
individual susceptibility to sarin poisoning by means of blood sampling. In 
the case of rabbits, at least, this is not possible. The present series of 
experiments indicate, however, that the presence of large concentrations of 
sarinase in the body could have an effect on the resistance of a species or an 
individual in a species to sarin poisoning. 
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